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Preface 


The concept of guided lightwave communication along optical fibers has stimulated a 
major new technology which has come to maturity over the last fifteen years. During 
this period tremendous advances have been achieved with optical fibers and com¬ 
ponents as well as with the associated optoelectronics. As a result this nw technology 
has now reached the threshold of large scale commercial exploitation. Installation ot 
optical fiber communication systems is progressing within both national telecom¬ 
munication networks and more locaHzed dau communication and telemetry environ¬ 
ments. Furthermore, optical fiber communication has become synonymous with the 
current worldwide revolution in information technology. The relentless onslaught wi 
undoubtedly continue over the next decade and the further predicted developments will 
ensure even wider application of optical fiber communication technology in this infor- 

The pr^actical realization of wide-scale optical fiber communications requires suitable 
education and training for engineers and scientists within ihe technology. In this 
context the book has been developed from both teaching the subject to final year 
undergraduates and from a successful series of short courses on optical fiber com¬ 
munications conducted for professional engineers at Manchester Polytechnic. This 
book has therefore been written as a comprehensive introductory textbook for use by 
undergraduate and postgraduate engineers and scientists to provide them with a firm 
grounding in the major aspects of this new technology whilst ^vmg an insight into the 
possible future developments within the field. The reader should therefore be in a posi¬ 
tion to appreciate developments as they occur. With these aims in mind the book has 
been produced in the form of a teaching text enabling the reader to progress onto the 
growing number of specialist texts concerned with optical fiber waveguides, 

optoelectronics, integrated oplic.s, «c. , , • i j j 

In keeping with the status of an introductory text the fundamentals are included 

where necessary and there has been no attempt to cover the entire field in lull 
mathematical rigor. However, selected proofs arc developed in mportant areas 
throughout the text. It is assumed that the reader is conversant with differential arid 
integral calculus and differentia) equations. In addition, the reader will find it useful to 
have a grounding in optics as well as a reasonable familiarity with the fundamentals of 

, solid State physics. . . . _ 

Chapter 1 gives a short introduction to optical fiber communications by considering 

the historical development, the geoeral system and the major advantages provided by 
this new technology. In Chapter 2 the concept of the optical fiber as a transmission 
medium is introduced using a simple ray theory approach. This is followed by discus¬ 
sion of electromagnetic wave theory applied to c^tical fibers pnor to consideration ot 
lightwave transmission within the various fiber types. The major transmission 
characteristics of optical fibers are then discussed in some detail m Chapter 3. 

Chapters 4 and 5 deal with the more practical aspects of optical fiber communica¬ 
tions and therefore could be omitted from an initial teaching program. In Chapter 4 the 
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manufacture and cabling of the various fiber types are described, together with fiber to 
fiber connection or jointing. Ch^ier 5 gives a general 0 ‘eatment of the major measure¬ 
ments which may be undertaken on c^cal fibers in both the laboratory and the field. 
This chapter is intended to provide sufficient background for the reader to pursue 
useful laboratory work with optical fibers. 

Chapters 6 and 7 discuss the light sources employed in optical fiber communica¬ 
tions- In Chapter 6 the fundamental physical principles of photo emission and laser 
action are covered prior to consideration of the various types of semiconductor and 
non semi conductor laser cunently in use, or under investigation, for optical fiber com¬ 
munications. The other Important semiconductor optical source, namely the light 
emitting diode, is dealt with in Chapter 7. 

The next two chapters are devoted to the detection of the optical signal and the 
amplification of the electrical signal obtained. Chapter 8 discusses the basic principles 
of optica! detection in semiconductors; this is followed by a description of the various 
types of photodetcctor currently utilized. The optical fiber receiver is considered in 
Chapter 9 with particular emphasis on its performance in noise. 

Chapter (0 draws together the preceding material in a detailed discussion of optical 
fiber communication systems, aiming to provide an insight into the design criteria and 
practices for all the main aspects of both digital and analog fiber systems. A brief 
account of coherent optical fiber systems is also Included to give an appreciation of this 
area of future development. Finally, Chapter 11 describes the many current and pre¬ 
dicted application areas for optical fiber communications by drawing on examples 
from research and development work which has already been undertaken. This discus¬ 
sion is expanded into consideration of other likely future developments with a brief 
account of the current technology involved in integrated optics and optoelectronic 
integration. 

Worked examples are interspersed throughout the text to assist the learning process 
by illustrating the use of equations and by providing realistic values for the various 
parameters encountered, la addition, problems have been provided at the end of 
relevant chapters (Chapters 2 to JO inclusive) to examine the reader's understanding of 
the text and to assist tutorial work. A Teacher’s Manual containing the solutions to 
these problems may be obtained from the publisher. Extensive end-of-chapter 
references provide a guide for further reading and indicate a source for those equations 
which have been quoted without derivation. A complete glossary of symbols, together 
with a list of common abbreviations employed in the text, is provided. SI units arc used 
throughout the text. 

I am very grateful for the many useful comments and suggestions provided by 
reviewers which have resulted in significant improvements to this text. Thanks must 
also be given to the authors of numerous papers, articles and books which I have 
referenced whilst preparing the text, and especially to those authors, publishers and 
companies who have kindly granted permission for the reproduction of diagrams and 
photographs. Further, I would like to thank my colleagues in the Dept, of Electrical 
and Electronic Engineering at Manchester Polytechnic for their many helpful com¬ 
ments on the text; in particular Dr. Norman Burrow, Dr. John Edwards and Stewart 
C us worth for the time spent checkiug the manuscript. I am also grateful to my family 
and friends for tolerating my infrequent ^pearances over the period of the writing of 
this book. Finally, words canoot express my thanks to my wife, Marion, for her 
patience and encouragement with this project and for her • skilful typing of the 
manuscript. 

J, M. Senior 
Manchester Polytechnic 
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a 

B 

Bf 

flm 

^cpi 

B: 

Bt 

b 


C, 

C4 

Ct 


Co 

Ct 

c 

Cl 

D 

Dt 

Ol 

D. 


constant, area (cross-section, emission), far ikW pattern size, mode 
amplitude, wave amplitude (i4^) 

Einstein coefficient of spontaneous emission 

peak amplitude of the subcarrier waveform (analog transmission) 

fiber core radius, parameter defining the asymmetry of a planar guide 

(eqn. 11.6), baseband message signal (a(/)) 

integer I or 0 . , . 

constant, electrical bandwidth (post detection), magnetic flux density, 

mode amplitude, wave amplitude (^o) 

Einstein coefficients of absorption, stimulated emission 
modal birefringence 

bandwidth of an intensity modulated optical signal m{t) 
optical bandwidth 

recombination coefficient for electrons and holes 
bit rate, when the system becomes dispersion limited (Bj (DL)) 
normalized propagation constant for a fiber, ratio of luminance to com* 
poslte video 

constant, capacitance, crack depth (fiber), wave coupling coefficient per 
unit length 

effective input capacitance of an optical fiber receiver amplifier 
optical detector capacitance 

capacitance associated with the feedback resistor of a transimpcdance 
optical fiber receiver amplifi^ 

total optical fiber channel loss in decibels, including the dispersion- 
equalization penally 
wave amplitude 
total capacitance 

velocity of light in a vacuum, crnistant (Cj, e 2 ) 
tap coefficients for a transversal equalizer 

amplitude coefficient, electric flux density, distance, corrugation period, 
decision threshold in digital optical fiber transmission 
frequency deviation rario (subcarrier FM) 
dispersion-equalization penalty in decibels 
frequency deviation ratio (subcarrier PM) 

fiber core diameter, (hslance, width of the absorption region (photo¬ 
detector), pin diameter (mode scrambler) 
fiber outer (cladding) diameter 

electric field, energy. Youngs modulus, expected value of a random vari- 
ahle 
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HciM 

h 



activation energy of honw^eneous degradation for an LED 
Fermi level {cn»gyX quasi-Fermi level located in the conduction band 
valence band (E^y) of a semiconductor 
separation energy between the valence and conduction bands in a 
semiconductor (bandgap enei^) 
subcarrier electric field (analc^ transmission) 
optica! energy 

separation energy of the quasi-Fermi levels 
electronic charge, base for natural logarithms 

probability of failure, transmismn factor of a semiconductor-external 
interface, excess avalanche noise factor (F(M)) 

Fourier transformation 
noise figure (amplifier) 
frequency 

peak to peak frequency deviation (PFM-IM) 
peak frequency deviation (subcarrier FM and PM) 
pulse rale (PFM-IM) 

open loop gain of an optical fiber receiver amplifier 
amplitude function in the WKB method 
optica! gain (phototransistor) 

Gaussian (distribution) 

degeneracy parameter 

gain coefficient per unit length (laser cavity) 

transconductance of a field effect transistor 

threshold gain per unit length (laser cavity) 

magnetic field 

optical power transfer funcUon (fiber), circuit transfer function 
optical fiber receiver amplifier frequency response (Including any equaliza¬ 
tion) 

closed loop current to voltage transfer function (receiver amplifier) 

equalizer transfer function (frequency response) 

open loop current to voltage transfer function (receiver amplifier) 

output pulse spectrum from an optical fiber receiver 

Planck’s constant, thickness of a planar waveguide, power impulse 

response for an optical fiber (A(0) 

optical fiber receiver amplifier impulse response (including any equaliza¬ 
tion) 

elTective thickness of a planar waveguide 

common emitter current gain for a bipolar transistor 

optica! fiber impulse response 

output pulse shape from an optical fiber receiver 

input pulse shape to an optic^ fiber receiver 

transmitted pulse shape on an optical fiber link 

electrical current, optical in tensi ty 

background radiation induced photocurrent (optical receiver) 

bias current for an optical detectex* 

collector current (phototransistor) 

dark current (optical detector) 

maximum optical intensily 

photocurrent generated in an optical detector 

threshold current (injection laser) 

electrical current 
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« 

^f) 

(d 

^*dei 


‘N 


SA 


tt 

J 

Ah 

j 

K 

ATi 

k 


i' 

^jj 

1. 

Li 

L 

I 

K 

k 

M 


?P 


M 

M 

M 

m 

m, 

N 


NA 

NEP 


optical receiver preanipliller shunt nwe current 
optical receiver preamplifio’ total noise current 
decision threshold curroit (chgital transmissitm) 
photodiode dark noise current 
output current from an optical detector 

noise current generated in the feedback resistor of an optical fiber receiver 

transimpedance preamplifier 

total noise current at a digital optical fiber receiver 

multiplied shot noise current at the output of an APD excluding dark 
noise current 

shot noise current on the photocurrent for a photodiode 

multiplied shot noise current at the output of an APD including the dark 

noise current 

signal current otxained in an optical fiber receiver 

thermal noise current generated in a resistor 

total shot noise current for a photodiode without internal gain 

Bessel function^ current density 

threshold current density (injection laser) 

n /-1 

Boltzmann's constant constant dependent on the optical fiber properties, 
modi^ed Bessel function 

stress intensity factor, for an elliptical crack (K^^) 
wave propagation constant in a vacuum (free space N^ave number), wave 
vector for an electron in a crystal, ratio of ionization rates for holes and 
electrons, integer 

angular frequency deviation (subcarrier FM) 

phase deviation constant (subcarrier PM) 

length (fiber), distance between mirrors (laser) 

beat length in a single mode optical fiber 

coherence length in a single m^e optical fiber 

characteristic length (fiber) 

constant with dimensions of length 

lateral misalignment loss at an optical fiber Joint 

transmission loss factor (transmissivity) of an <^tlcal fiber 

azimuthal mode number, distance, length 

atomic spacing (bond distance) 

wave coupling length 

avalanche multiplication factor, material dispersion parameter, total 

number of guided modes or mode volume; for a multimode step index 

fiber (M^); for multimode graded index fiber (Afg), mean value (Mj) and 

mean square value of a random variable 

safety margin in an c^ricaJ power budget 

optimum avalanche multq)licatiofi factor 

excess avalanche noise factor, (also denoted as F[M)) 

radial mode number, Weibull distribution parameter, intensity modulated 

optica) signal (m(/) \ mean value of a random variable, integer 

modulation index 

integer, density of atoms in a particular energy level (e.g. 

minority carrier concentration in n type semiconductor material, group 

index of an optical wav^uide(^i) 

numerical aperture of an optical fiber 

noise equivalent power 
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n 

P 



^21 

R, 

R£(iii 

^TL 

r 


defined by ec[U&tion 10.80 

refractive index (c»g. /i|, ni, WjX stress corrosion susceptibility, negative 

type semiconductor material 

effective refractive index of a pl^ar waveguide 

refractive index of air 

electrical power, minority carrier concentration in p type semiconductor 
material, probaWlity, of «Tor (P(e)\ of detecting a zero level {P(0) \ of 
detecting a one level of delecting z photons in a particular time 

period {P{ 2 ) X conditional probability, of detecting a zero when a one is 
transmitted (P(0/1)X of detecting a one when a zero is transmitted 
(P(l/0)) 

total power in a baseband message signal 

threshold optical power fbrBrilloum scattering 

optical power coupled into a step index fiber 

optical power density 

d.c. optical output power 

optical power emitted from an optical source 

optical power in a guided mode 

mean input (transmitted) optical power launched into a fiber 
internally generated optical power (optical source) 
total power in an intensity modulated optical signal m(i) 
mean output (received) optical power from a fiber 
mean optical power travelling in a fiber 

initial output optical power (prior to degradation) from an optical source 

peak received optical power 

reference optical power level 

threshold optical power for Raman scattering 

backscattered optical power (Rayleigh) within a fiber 

optical power scattered from a liber 

frequency spectrum of the mean input optical power launched into a fiber 
frequency spectrum of the mean output optical power received from a 
fiber 

crystal momentum, average photoelastic coefRcient, positive type 
semiconductor material, probability density function (p(x)) 
integer, fringe shift 

photodiode responsiviiy, radius of curvature of a fiber bend, electrical 
resistance (c.g. 

upward transition rate for dectrons from energy level 1 to level 2 
downward transitiem rate for dectrons from energy level 2 to level 1 
effective input resistance of an optical fiber receiver preamplifier 
bias resistance, for optical fiber receiver preamplifier {Ri,J 
critical radius of an optical fiber 
radiance of an optical source 

ratio of electrical input powo’ in decibels for an optical fiber system 
feedback resistance in an optical fiber receiver tr a ns Impedance pre¬ 
amplifier 

load resistance associated with an optical fiber detector 

ratio of optical output power to optical input power in decibels for an 

optical fiber system 

total load resistance within an optical fiber receiver 

radial distance from the fiber axis, Fresnel reflection coefficient, mirror 
reflectivity, electro-optic codficient 
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generated electron rate in an optical detector 

reflection and transmission codlkrients respectively for the electric field at 
a planar«guide-cladding interface 

reflection and transmission coefficients respectively for the magnetic field 

at a planar guide-cladding interface 

incident photon rate at an optical detector 

fraction of captured optical power, macroscopic stress 

fracture stress 

phase function in the WKB method 

spectral density of the intensity modulated optical signal m(t) 

peak signal power to rms noise power ratio, with peak to peak signal 

power US/A0p_pl, with rms signal power [(S/M rn\$] 

theoretical cohesive strength 

pin spacing (mode scrambler) 

temperature, time 

insertion loss resulting from an angular offset between jointed optical 
fibers 

10-90% rise time arising from intramodal dispersion on an optical fiber 
link 

1 0-90% rise time for an optical detector 
fictive temperature 

insertion loss resulting from a lateral offset between jointed optical fibers 
10-90% rise time arising from intermodal dispersion on an optical fiber 
link 

threshold temperature (injection laser), nominal pulse period (PFM-IM) 

10-90% rise time at the regenerator circuit input I PFM-IM) 

10-90% rise time for an optical source 

total 10-90% rise time for an optical fiber system 

total insertion loss at an optical fiber joint 

temperature rise at time t 

maximum temperature rise 

time 

time constant 
switch on delay 
1 /e pulse width from the center 
' 10-90% rise time 
eigenvalue of the fiber core 

electrical voltage, nomalized frequency for an optical fiber or planar 
waveguide 

bias voltage for a photodiode 
cutoff value of normalized frequency 
collector supply voltage 
collector-emitter voltage (bipolar transistor) 
emitter supply voltage 

voltage reading corresponding to the total optical power in a fiber 

voltage reading corresponding to the scattered optical power in a fiber 

electrical voltage 

amplifier series noise voltage 

receiver amplifier output volt^ 

crack velocity 

group velocity 

output voltage from an RC filter circuit 
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11 

llan 

nc 

11d 

Ilep 

lli 
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phase velocity 

eigenvalue of the fiber cladding, random variable 
electric pulse width 
optical pulse width 
random variable 

coordinate, distance, constant, evanescent field penetration depth, slab 
thickness 

constant, shunt admittance, random variaUe 
coordinate, lateral offset at a fiber joint 
random variable 
electrical impedance 
coordinate, number of photons 

average or mean number of photons arriving at a detector in a time period 

T 

average number of photons detected in a lime period t 

characteristic refractive index profile for fiber (profile parameter), 

optimum profile parameter (a,^) 

loss coefficient per unit length (laser cavity) 

connector loss at transmitter and receiver in decibels 

signal attenuation in decibels per unit length 

fiber cable loss in decibels per kilometer 

fiber joint loss in decibels per kilometer 

signal attenuation in nepers 

absorption coefilcient 

radiation attenuation coefficient 

wave propagation constant 

gain factor (injection laser cavity) 

isothermal compressibility 

proportionality constant 

degradation rate 

angle, attenuation coefficient per unit length for a fiber 

surface energy of a material 

Rayleigh scattering coefficient for a fiber 

relative refractive index difference between the fiber core and cladding 
phase shift associated with transverse electric waves 
uncorrecled source frequency width ' 

phase shift associated with transverse magnetic waves 
optical source spectral width (linewidth) 
intermodal dispersion time in an optical fiber 

delay difference between an extreme meridional ray and an axial ray for a 
graded index fiber 

delay difference between an extreme meridional ray and an axial ray for a 

step index fiber, with mode coupling (87,^) 

electrical permittivity, of free space (e^), relative (€r) 

solid acceptance angle 

quantum efficiency (opdcaJ detector) 

angular coupling efficiency (fiber joint) 

coupling efficiency (opticaJ source to fiber) 

differential external quantum efficiency (opticaJ source) 

external power efficiwicy (optical source) 

internal quantum efficiency (optical source) 

lateral coupling efficiency (fiber joint) 

overall power conversion dficiency {opdoal source) 

total external quantum dficiency (opdeal source) 
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ot 
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angle, fiber acceptance angk (0J, Bragg diffraction angle (0 b) 

acoustic wavelength, period for perturbations in a fiber 

cutoff period for perturbations in a fibw 

optical wavelength 

long wavelength cutoff (photodiode) 

wavelength at which first onkr dispersion is zero 

magnetic permeabiHty, relative permeability permeability of free 
space (Po) 

optical source bandwidth in gigahertz 

polarization rotation in a single mode optical fiter 

spectral density of the radiation energy at a transition frequency/ 

standard deviation, (rms pulse widthX variance (o^) 

rms pulse broadening resulting from intramodal dispersion in a fiber 

rms pulse broadening resulting from material dispersion in a fiber 

rms pulse broadening resulting from intermodal disperion, in a graded 

index fiber (o^X ^ ® index fiber (o») 

total rms pulse broadening in a fiber or fiber link 

rms spectral width of emission from optical source 

time period, bit period, pulse duration 3 dB pulse width (t(3 dB)) 

spontaneous transition lifetime between energy levels 2 and I 

time delay in a transversal equalizer 

\ /e full width pulse broadening due to dispersion on an optical fiber link 
group delay 

iiyected (minority) carrier lifetime 
radiative minority carrier lifetime 
linear recardacion 
angle, critical angle(^c) 
scalar quantity representing Eor H field 

angular frequency, of the subcarrier waveform in analog transmission 
(o3c), of the modulating signal in analog transmission ((()„) 
spot size of the fundamental mode 
vector operator, Laplacian operator (V^) 


A-D 

analog to digital 

CMOS 

complementary metal 

a.c. 

alternating current 


oxide silicon 

AGC 

automatic gain 

CNR 

carrier to noise ratio 


control 

CPU 

central processing unit 

AM 

amplitude modulation 

esp 

channelled substrate 

APD 

avalanche photodiode 


planar (injection laser) 

ASK 

amplitude shill keying 

CW 

continuous wave or 

BER 

bit error rate 


operation 

BH 

buried hcterostruclurc 

D-A 

digital to analog 


(injection laser) 

dB 

decibel 

BOD 

bistable optical device 

D-IM 

direct intensity modula¬ 

CAM 

computer aided manu- 


tion 


facture 

DBF 

distributed feedback (in¬ 

CATV 

common antenna televi¬ 


jection laser) 

sion 

DBR 

distributed Bragg reflec¬ 

CCTV 

close circuit television 


tor (injection laser) 

CDH 

constricted double 

d.c. 

direct current 


heterojunction (iivection 

liier) 

DH 

double heterostruciure or 
heterojunction (injection 

CMI 

eocM mvk inmiion 


laier or LED) 
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DSB 

double sideband (ampli¬ 
tude moduiatton) 

EH 

traditional mode des^a- 
tion 

EMI 

electromagnetic inter¬ 
ference 

EMP 

electromagnetic pulse 

erf 

error function 

erfc 

complementary error 
function 

FDM 

frequency division multi¬ 
plexing 

FET 

field effect transistor 

FM 

frequency modulation 

FSK 

frequency shift keying 

FWHP 

full width half power 

HDB 

high density bipolar 

HE 

traditional mode design a* 
tion 

He-Ne 

hellum^teon O^ser) 

HF 

high frequency 

HV 

high voltage 

IF 

intermediate frequency 

ILD 

injection laser diode 

IM 

intensity modulation 

10 

integrated optics 

I/O 

in put/out put 

ISI 

intersymtol interference 

LAN 

local area network 

LED 

light emitting diode 

LOG 

large optical cavity (in* 
jection laser) 

LP 

linearly polariied (mode 
notation) 

LPE 

liquid phase epitaxy 

MCVD 

modified chemical vapor 
deposition 

MESFET 

metal Schottky field 
effect transistor 

MISFET 

metal Integrated-semi¬ 
conductor Heid effect 
transistor 

Nd:YAG 

neodymium-doped 
y ttriu m—af ummum— 
garnet O^ser) 

NRZ 

nonreturn to zero 

OTDR 

optical time domahi 
reflectometfv 

OVPO 

outside vapor phase 
oxidation 

PAM 

pulse amplitude modula¬ 
tion 

PCM 

pulse code modulation 

PCS 

plastic-clad silica (fiber) 


PCVD 

plasma-activated 
chemical vapor deposi¬ 
tion 

PCW 

plano-convex waveguide 
(injection laser) 

PDF 

probability density func¬ 
tion 

PFM 

pulse frequency modula¬ 
tion 

PIN-FRT 

p-i-n photodiode fol¬ 
lowed by a field eHect 
transistor 

PM 

phase modulation 

PPM 

pulse position modulation 

PSK 

phase shift keying 

PTT 

Post. Telegraph and Tele¬ 
communications 

PWM 

pulse width modulation 

RAPD 

reach-through avalanche 
photodiode 

RFI 

radio frequency inter¬ 
ference 

rms 

root mean square 

RO 

relaxation oscillation 

RZ 

return to zero 

SAW 

surface acoustic wave 

SOM 

space division multi¬ 
plexing 

SHF 

super high frequency 

SML 

separated multiclad layer 
(injection laser) 

SNR 

signal to noise ratio 

TDM 

time division multiplexing 

TF. 

transverse electric 

TEM 

transverse electromag¬ 
netic 

TJS 

transverse junction stripe 
(injection laser) 

TM 

transverse magnetic 

TTL 

transistor-transistor 

logic 

UHF 

ultra high frequency 

VAD 

vapor axial deposition 

VCO 

voltage controlled oscil¬ 
lator 

VHF 

very high frequency 

VPE 

vapor phase epitaxy 

WDM 

wavelength division multi¬ 
plexing 

WKB 

Wentzel, Kramers, Brit- 
louin (analysis tech¬ 
nique) for graded flber 

WPS 

wideband switch point 

zo 

zenner diode 


Introduction 


Communication may be broadly defined as the transfer of information from 
one point to anoihej;^ When the information is to be conveyed over any 
distance a communication system is usually required. Within a communication 
system the information transfer is frequently achieved by superimposini^ or 
modulating the information onto an electromagnetic wave which acts as a 
carrier for the information signal. This modulated carrier is then transmitted to 
the required destination where it is received and the original information signal 
l8 obtained by demodulation^ Sophisticaied lechniquea have been developed for 
this process using eleclromagneiic carrier waves operating at radio frequencies.'' 
as well as microwave and millimeter wave frequencies^ However, 'communi¬ 
cation* may also be achieved using an eleclromagnetic carrier which is selected 
from the optical range o\ frequencies. 

o.a) t G 

1.1 Historical development 


The use of visible optical carrier waves or light for communication has been 
, common for many years. Simple systems such as signal fires, reflecting 
mirrors and, more recently, signalling lamps have provided successful, if 
limited, information transfer. Moreover, as early as 1880 Alexander Graham 
Bell reported the transmission of speech using a light beam iRef. II. The 
photophone proposed by Bell just four years after the invention of the tclc- 
’ phone modulated sunlight with a diaphragm giving speech transmission over a 
distance of 200 m. However, although some investigation of optical com¬ 
munication continued in the early part of the 20ih Century IRcfs. 2 and 3 I its 
;use was limited to mobile, low capacity communication links. This was due to 
loth the lack of suitable light sources and the problem that light transmission 
in the atmosphere is restricted to line of sight and severely affected by distur- 
lances such as rain, snow, fog. dust and atmospheric turbulence. Ncvcriheless 
ftewer frequency and hence longer wavelength electromagnetic waves* (i.e. 
fgdio and microwave) proved suitable carriers for information transfer in the 


vif-For the propagation of electromagnetic waves in free space, the wavelength X equals the 
veloelty of light in a vacuum r timee the redprocal of the frequency / in hen/ or \ v/f. 
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atmosphere, being far less alTected by these atmospheric conditions. Depend¬ 
ing on their wavdength.s these electromagnetic carriers can be transmitted over 
considerable distances but are limited in the amount of information they can 
convey by ibcir frequencies (i.e. the information carrying capacity is directly 
related to the bandwidth or frequency extent of the modulated carrier, which is 
generally limited to a fixed fraction of the carrier frequency). In theory the 
greater the carrier frequency, the larger the available transmission bandwidth 
and thus the information-carrying capacity of the communication system. For 
this reason radio communication was developed to higher frequencies (i.e. 
VHF and UHF) leading to the introduction of the even higher frequency 
microwave and. latterly, millimeter wave transmission. The relative frequencies 
and wavelengths of the.se types of electromagnetic wave can be observed from 
the electromagnetic spectrum shown in Fig. I.l. In this context it may also be 
noted that communication at optical frequencies offers an increase in the 
potential usable bandwidth by a factor of around 10" over high frequency 
microwave transmission. An additional benefit of the use of high carrier fre¬ 
quencies is the general ability of the communication system to concentrate the 
available power within the transmitted electromagnetic wave, thus giving an 
improved system performance IRef. 4|. 

A renewed interest in optical communication was .stimulated in the early 
1960s with the invention of the laser I Ref. 51. This device provided a powerful 
coherent light wurce logelhcr with the possibility of modulation at high fre¬ 
quency, In addition the low beam divergence of the laser made enhanced free 
space optical transmission a practical possibility. However, the previously 
mentioned constraints of light transmission in the atmosphere tended to 
restrict these systems to short distance applications. Nevertheless, despite the 
problems some modest free space optical communicaiion links have been 
implemented for applications such as the linking of a television camera to a 
base vehicle and for data link.s of a few hundred meters between buildings. 
There is also some interest in optical communication between satellites in outer 
space using similar techniques IRef. 6]. 

Although the use ol laser for free space optical communication proved 
somewhat limited, the invention of the laser instigated a tremendous research 
effort in the study of optical components to achieve reliable information 
transler using a lightwave carrier. The proposals for optical communication 
via dielectric waveguides or optical fibers fabricated from glass were made 
almost simultaneously in 1966 by Kao and Hockham iRcf. 7J and Werts IRef. 

8J to avoid degradation of the optical signal by the atmosphere. Such systems 
were viewed as a replacement for coaxial cable or carrier transmission 
systems. Initially the optical fibers exhibited very high attenuation (i.e. 
1000 dB km ‘) and were therefore not comparable with the coaxial cables they 
were to replace (i.e. 5-10 dB km”'). There were also serious problems involved 
with jointing the fiber cables in a satisfactory manner to achieve low loss and 
to enable the process to be performed relatively easily and repeatedly in the 
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field. Nevertheless, within the space of ten years optical fiber losses were 
reduced to below 5dBkm"* and suitable low loss jointing techniques were 
perfected. 

In parallel with the development of the fiber waveguide, attention was also 
focused on the other optical components which would constitute the optical 
fiber communication system. Since optical frequencies are accompanied by 
extremely small wavelengths the development of all these optical components 
essentially required a new technology. Thus semiconductor optical sources (i.e. 
injection lasers and light emitting diodes), as well as detectors (i.e. photodiodes 
and to a certain extent pholotransistors) compatible in size with optical fibers 
were designed and fabricated to enable successful implementation of the 
optical fiber system. Initially the semiconductor lasers exhibited very short 
lifetimes of at best a few hours, but significant advances in the device structure 
enabled lifetimes greater than 1000 hr iRef. 91 and 7000 hr I Ref. 10] to be 
obtained by 1973 and 1977 respectively.* These devices were originally 
fabricated from alloys of gallium arsenide (AIGaAs) which emitted in the near 
infrared between 0.8 and 0.9 pm. More recently this wavelength range has 
been extended to include the 1.1-1.6 pm region by the use of other 
semiconductor alloys (see Section 6.3.6) to take advantage of the enhanced 
performance characteristics displayed by optical fibers over this range. Similar 
developments in the generally simpler structure of light emitting diodes and 
detector photodiodes also contributed to the realization of reliable optical fiber 
communication. 

The achievement of these impressive results has stemmed from the enor¬ 
mous amount of work directed into these areas due to the major distinct 
advantages offered by optica! fiber communications. However, prior to discus¬ 
sion of these advantages wc will briefly consider the salient features of the 
optical fiber communication system. 


1.2 THE GENERAL SYSTEM 

An optical fiber communication system is similar in basic concept to any type 
of communication system. A block schematic of a general communication 
system is shown in Fig. 1.2(a), the function of which is to convey the signal 
from the information source over the transmis.sion medium to the destination. 
The communication system therefore consists of a transmitter or modulator 
linked to the information source, the transmission medium, and a receiver or 
demodulator at the destination point. In electrical communications the infor¬ 
mation source provides an electrical signal, Ussually derived from a message 


* Projected semiconductor laser lifetimes are currently in the region of 10^ to lO^h (see 
Section 6.9.6) indicating a substantial improvement sirtcc 1977. 
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FIfl. 1i2 la) The general co mm u nice lion system (W The optical fiber communication 
system, 

signal which in not electrical (e.g. soundX to a transmitter comprising electrical 
and electronic components which converts the signal into a suitable form for 
propagation over the transmission medium. This is often achieved by modu¬ 
lating a carrier which, as mentioned previously, may be an electro¬ 
magnetic wave. The transmission medium can consist of a pair of wires, a 
coaxial cable or a radio link through free space down which the signal is 
transmitted to the receiver, where it is transformed into the original electrical 
Information signal (demodulated) before being passed to the destination. 
-However it must be noted that in any transmission medium the signal is 
attenuated, or suffers loss, and is subject to degradations due to con tarn- 
lination by random signals and noise as well as possible distorirons imposed by 
Imechanisms within the medium itself. Therefore, in any communication 
wstem there is a maximum permitted distance between the transmitter and the 
,TWeiver beyond which the system effccUvely ceases to give intelligible com- 
I lOunication. For long haul applications these factors necessitate the installation 
tOf repeaters or line amplifiers (see Section 10.4) at intervals, both to remove 
^.lignal distortion and to increase signal level before transmission is continued 
;'dOwn the link. 

For optical fiber communications the system shown in Fig. 1.2(a) may be 
^IKtniidered in slightly greater detail, as in Fig. 1.2(b). In this case the informa- 
lource provides an electrical sign^ to a transmitter comprising an 















6 


OPTICAL FIBER COMMUNICATIONS: PRINCIPLES AND PRACTICE 


electrical stage which drives an optical source to give modulation of the light¬ 
wave carrier. The optical source which provides the electrical-optical conver¬ 
sion may be either a semiconductor laser or light emitting diode (LED). The 
transmission medium consists of an optical fiber cable and the receiver con¬ 
sists of an optical detector which drives a further electrical stage and hence 
provides demodulation of the optical carrier. Photodiodes (p-n, p-i-n or 
avalanche) and, in some instances, phototransistors are utilized for the detec¬ 
tion of the optical signal or the optical-electrical conversion. Thus there is a 
requirement for electrical interfacing at either end of the optical link and at 
present the signal processing is usually performed electrically.* 

The optical carrier may be modulated using either an analog or digital infor¬ 
mation signal. In the system shown in Fig. 1.2(b) analog modulation involves 
the variation of the light emitted from the optica! source in a continuous 
manner. With cTigital modulation, however, discrete changes in the light 
intensity are obtained (i.e. on-off pulses). Although often simpler to imple¬ 
ment, analog modulation with an optical fiber communication system is less 
efficient, requiring a far higher signal to noise ratio at the receiver than digital 
modulation. Also the linearity needed for analog modulation is not always 
provided by semiconductor optical sources, especially at high modulation fre¬ 
quencies. For these reasons, analog optical fiber communication links are 
generally limited to shorter distances and lower bandwidths than digital links. 

Figure 1.3 shows a block schematic of a typical digital optical fiber link. 
Initially the input digital signal from the information source is suitably encoded 
for optical transmission. The laser drive circuit directly modulates the intensity 
of the semiconductor laser with the encoded digital signal. Hence a digital 
optical signal is launched into the optical fiber cable. The avalanche 
photodiode (APD) detector is followed by a front-end amplifier and equalizer 
or filter to provide gain as well as linear signal processing and noise bandwidth 
reduction. Finally, the signal obtained is deccwJed to give the original digital 
information. The various elements of this and alternative optical fiber system 
configurations are discussed in detail in the following chapters. However, at 
this stage it is instructive to consider the advantages provided by lightwave 



Fig. 1.3 A digital optical fiber link using a semiconductor laser source and an avalanche 
photodiode (APD) detector. 


* Significant developments are taking place in optical signal processing which may alter thb 
situation in the future (see Sections 11.7 and 11.8X 
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communication via optical fibers in comparison with other forms of line and 
radio communication which have brought about the introduction of such 
systems in many areas throughout the world. 


ADVANTAGES OF OPTICAL FIBER COMMUNICATIOIN^^ 


\ - 


•atinn using an optical car rier wave euided -alona a^l^SSiiber has__a 
- of t»vrr^q^elv attractive fe^jures. several of .ffihicb wixe-^ppaicnl. when 
•hnique was original ly conc eived, Furtherrnore,jhe adyanMs^jn^tJje 
!^y to date have surpassed even Uie most optimistic predictions creat- 
'Ivantaeejsl Hence it is useful to consider the merits and special 
features ofTered by optical fiber communications over more conventional 
electrical communications. I n ^ai ua eontenf we cQn^ffieflP^ wjth_,lhe o,rigina]]y 
foreseen advantages and then consider additional features which have become,-\ / 
^jyjarent as the technology developed- .—- 

(a) Enormous potential bandwidth 

The optical carrier frequency in the range I0‘’ to I0‘* Hz (generally in the 
near infrared around 10'^ Hz or 10* GHz) yields a far greater potential 
transmission bandwidth than metallic cable systems (i.e. coaxial cable band¬ 
width up to around 500 MHz) or even millimeter wave radio systems (i.e. 
systems currently operating with modulation bandwidths of 700 MHz). At 
present, the bandwidth available to fiber systems is not fully utilized but 
modulation at several gigahertz over a few kilometers and hundreds of 
megahertz over tens of kilometers without intervening electronics (repeaters) is 
possible. Therefore, the information-carrying capacity of optical fiber systems 
is already proving far superior to the best copper cable systems, By com¬ 
parison the losses in wideband coaxial cable systems restrict the transmission 
distance to only a few kilometers at bandwidths over a hundred megahertz. 
Moreover, it is certain that the usable fiber system bandwidth will be extended 
further towards the optical carrier frequency in the future to provide an 
information-carrying capacity far in excess of that obtained using copper 
icables or a wideband radio system. 

(b) Small size and weight 

Optical fibers have very small diameters which are often no greater than the 
diameter of a human hair. Hence, even when such fibers are covered with 
IWOtective coatings they are far smaller and much lighter than corresponding 
copper cables. This is a tremendous boon towards the alleviation of duct con- 
JStion in cities, as well as allowing for an expansion of signal transmission 
dthin mobiles such as aircraft, satellites and even ships. 




Btoatrieal Isolation 

I fibers which are fabricated from glass or sometimes a plastic polymer 
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are electrical insulators and therefore, unlike their metallic counterparts, they 
do not exhibit earth loop and interface problems. Furthermore, this property 
makes optical fiber Iransmksion ideally suited for communication in 
electrically hazardous environments as the fibers create no arcing or spark 
hazard at abrasions or short circuits. 

(d) Immunity to interference and crostlalk 

Optical fibers form a dielectric waveguide and are therefore free from 
electromagnetic interference (EMI), radiofrequency interference (RHI). or 
switching transients giving electromagnetic puLses (EMP). Hence the operation 
of an optical fiber communication system is unaffected by transmission 
through an electrically noisy environment and the fiber cable requires no 
shielding from EMI. The liber cable is also not su.sceptiblc to lightning strikes if 
used overhead rather than underground. Moreover, it is fairly easy to ensure 
that there is no optical interference between fibers and hence, unlike com¬ 
munication using electrical conductor!!, crosstalk is negligible, even when 
many fibers arc cabled together. 

(e) Signal security 

The light from optical fibers does not radiate significantly and therefore they 
provide a high degree of signal security. Unlike the situation with copper 
cables, a transmitted optical signal cannot be obtained from a fiber in a non- 
invasive manner (i.e. without drawing optical power from the fiber). Therefore, 
in theory, any attempt to acquire a message signal transmitted optically may be 
detected, This feature is obviously attractive for military, banking and general 
data transmission (i.e. computer network) applications. 

(f) Low transmission loss 

The development of optical fibers over the last 15 years has resulted in the 
production of optical fiber cables, which exhibit very low attenuation or 
transmission loss in comparison with the best copper conductors. Fibers have 
been fabricated with losses as low as0.2d8 km’' (sec Section ,1.3,2) and this 
feature has become a major advantage of optical fiber communications. It 
facilitates the implementation of communication links with extremely wide 
repeater spacing (long transmission distances without intermediate elec¬ 
tronics), thus reducing both system cost and complexity. Together with the 
already proven modulation bandwidth capability of fiber cable this property 
provides a totally compelling case for the adoption of optical fiber communica¬ 
tion in the majority of long-haul telecommunication applications. 


(g) Ruggedness and ilexiblllty 

Although protective coatings are essential, optical fibers may be manufactured 
with very high tensile strengths (see Section 4.6.1). Perhaps surprisingly for a 
glassy substance, the fibers may also be bent to quite small radii or twisted 
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without damage. Furthermore, cable structures have been developed (see 
Section 4.7.4) which have proved flexible, compact and extremely rugged. 
Taking the size and weight advantage into account, these optical fiber cables 
are generally superior in terms of storage, transportation, handling and 
installation than corresponding copper cables whilst exhibiting at least com¬ 
parable strength and durability. 

(h) System reliability and ease of maintenance 

These features primarily stem from the low loss property of optical fiber cables 
which reduces the requirement for intermediate repeaters or line amplifiers to 
boost the transmitted signal strength. Hence with fewer repeaters, system 
reliability is generally enhanced in comparison with conventional electrical 
conductor systems. FurtheriTK)re, the reliability of the optical components is no 
longer a problem with predicted lifetimes of 20-30 years now quite common. 
Both, these factors also tend to reduce maintenance time and costs. 

(I) Potential low cost j. ■ 

The glass which generally provides the optical fiber transmission medium is 
made from sand—not a scarce resource. St». in compari.son with copper con¬ 
ductors, optical fibers offer the potential for low cost line communication. As 
yet this potential has not been fully realized because of the sophisticated, and 
therefore expensive, processes required to obtain ultra-pure glass, and the lack 
of production volume. At present, optical liber cable is reasonably competitive 
with coaxial cable, but not with simple copper wires (c.g, twisted pairs). 
However, it is likely that in the future it will become as cheap to use optical 
fibers with their superior performance than almost any type of electrical 

conductor. 

Moreover, overall system costs when utilizing optical fiber commumcaiion 
on long-haul links are generally reduced to those for equivalent electrical line 
systems because of the low loss and wideband properties of the optical 
transmission medium. As indicated in (f). the requirement for intermediate 
repeaters and the associated electronics is reduced, giving a significant cost 
advantage. However, although this cost benefit gives a net gam for long-haul 
links this is not usually the case in short-haul applications where the additional 
cost incurred, due to the electrical-optical conversion (and vice versa), may be 
' a deciding factor. Nevertheless, there are other possible cost advantages in 
relation to shipping, handling, installation and maintenance, as well as the 
■ features indicated in (c) and (d) which may prove significant in the system 

I 

choice. 

The low cost potential of optical fiber communications not only provides 
. ilrong competition with electrical line transmission systems, but also with 
! microwave and millimeter wave radio transmission systems. Although these 
[ lyBtemi are reasonably wideband the relatively short span line ot sight 
F tranBrniiiion necessitates expensive aerial towers at intervals no greater than a 

ftw Miu of kilometers. 
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Many advantages are therefore provided by the use of a lightwave carrier 
within a transmission medium consisting of an optical fiber. The fundamental 
principles giving rise to these enhanced performance characteristics, together 
with their practical realization, are described in the following chapters. 
However, a general understanding of the basic nature and properties of light is 
assumed. If this is tacking, the reader is directed to the many excellent texts 
encompassing the topic, a few of which are indicated in Refs. 16-22. 
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optical Fiber Waveguides 


2.1 INTRODUCTION 

The Iran emission of light via a dielectric waveguide structure was first 
proposed and invesligaied at the beginning of the 20th Century. In 1910 
Hondros and Debye iReh ll conducted a theoretical study and experimental 
work was reported by Schriever in 1920 IRef. 21. However, a transparent 
dielectric rod. typically of silica glass with a refractive index of around 1.5, sur¬ 
rounded by air, proved to be an impractical waveguide due to its unsupported 
structure (especially when very thin waveguides were considered in order to 
limit the number of optical modes propagated) and the excessive losses at any 
discontinuities of the glass-air interface. Nevertheless, interest in the applica¬ 
tion of dielectric optical waveguides in such areas as optical imaging and 
medical diagnosis (c.g. endoscopes) led to proposals I Refs. 3 and 41 for a clad 
dielectric rod in the mid 1950s in order to overcome these problems. This 
structure is illustrated in Fig. 2.1 which shows a transparent core with a refrac¬ 
tive index surrounded by a transparent cladding of slightly lower rclractive 
index The cladding supports the waveguide structure whilst also, when suf¬ 
ficiently thick, substantially reducing the radiation loss into the surrounding 
air. In essence, the light energy travels in both the core and the clad¬ 
ding allowing the associated Tields to decay to a negligible value at the 
cladding-air interface. 

The invention of the clad waveguide structure led to the first serious 
proposals by Kao and Hock ham IRef. 51, and WertslRef. 61 in 1966 to utilise 
optical fibers as a communications medium even though they had losses in 
excess of KWOdBkm"*. These proposals stimulated tremendous efforts to 


( Ijddi.U' 

(\irc 

Fig. 2.1 OptfcBl fiber waveguide showing the core of refractive index surrounded by 
the cladding of slightiv lower refrectivt Index n^. 
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reduce the attenuation by purification of the material. This has resulted in 
improved conventional glass refining techniques giving fibers with losses of 
around 4.2 dB km"‘ [ Ref. 7]. Also progress in glass refining processes such as 
depositing vapor-phase reagents to form silica I Ref. 8| has allowed fibers with 
losses below I dB km ' to be fabricated. 

Most of this work was focused on the 0.8-0.9 pm wavelength band because 
the first generation optical sources fabricated from gallium aluminum arsenide 
alloys operated in this region. However, as silica fibers were studied in further 
detail it became apparent that transmission at longer wavelengths (I. I -1.6 pm) 
would result in lower losses and reduced signal dispersion. This produced a shift 
in optical fiber source and detector technology in order to provide operation at 
these longer wavelengths. Hence at longer wavelengths, especially around 
1.35 pm, fibers with losses as low as 0.2 dB km'* have been reported [Ref. 91. 

In order to appreciate the transmission mechanism of optical fibers with 
dimensions approximating to those of a human hair, it is necessary to consider 
the optical waveguiding of cylindrical glass fibers. Such a fiber acts as an open 
optica! waveguide, which may be analyzed utilizing simple ray theory. 
However, the concepts of geometric optics arc not sufficient when considering 
all types of optical fiber and electromagnetic mode theory must be used to give 
a complete picture, The following sections whli therefore outline the transmit 
sion of light in optical fibers prior to a more detailed discussion of the various 
types of fiber. 

In Section 2.2 we continue the discussion of light propagation in optical 
fibers using the ray theory approach in order to develop some of the funda¬ 
mental parameters associated with optical fiber transmission {acceptance 
angle, numerical aperture, etc.). Fufthermore, this provides a basis for the 
discussion of electromagnetic wave propagation presented in Section 2.3. In 
this section the electromagnetic mode theory is developed for the planar 
(rectangular) waveguide prior to consideration of the cylindrical fiber. Follow¬ 
ing, in Section 2.4, wc discuss optical propagation in step index fibers (both 
multimode and single mode). Finally, Section 2.5 gives a brief account of the 
waveguiding mechanism within graded index fibers. 


2,2 RAY THEORY TRANSMISSION 
2.2.1 Total Internal Reflection 

To consider the propagation of light within an optical fiber utilizing the ray 
theory model il is necessary' to take account of the refractive index of the 
dielectric medium. The refractive index of a medium is defined as the ratio of 
the velocity of light in a vacuum to the velocity of light in the medium. A ray of 
light travels more slowly in an optically dense medium than in one that is less 
dense, and the refractive index gives a measure of this effect. When a ray is 
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incident on the interface between two dielectrics of differing refractive indices 
(c.g. glass-air), refraction occurs as illustrated in Fig. 2.2(a). It may be 
observed that the ray approaching the interface is propagating in a dielectric of 
refractive index n, and is at an angle to the normal at the surface ol the 
interface. If the dielectric on the other side of the interface has a refractive 
index which is less than n, then the refraction is such that the ray path in 
this lower index medium is at an angle ^ to the normal, where (j); is greater 
than ({>|. The angles of incidence and refraction .ji; are related to each other 
and to the refractive indices of the dielectrics by Snell's law of refraction IRef. 
10|. which states that: 

r?! sin 4>i = ^2 sin 


or 


sin 4 ., 


%ir\ 4 


n^ 

ii 


( 2 . 1 ) 


I 


It may also be observed in Fig. 2.2(a) that a small amount of light is 
reflected back into the originating dielectric medium (partial internal reflec¬ 
tion), As ri] is greater than rtj, the angle of refraction is always greater than the 
angle of incidence. Thus when the angle of refraction is 90® and the refracted 
ray emerges parallel to the interface between the dielectrics the angle of 
incidence must be less than 90®. This is the limiting case of refraction and the 
angle of incidence is now known as the critical angle as shown in Fig, 






Fig. 2.2 Light rays Incident on high to low retractive index interface {e.g. glass-air): 

(a) refraction; (b) ft>e limiting case of refraction showing the critical ray at an 
angle M total internal reflection where ^ ^. 
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2,2(b). Krom Eq. (2.1) the value of the critical angle is given by: 

sin+e-— (2.2) 

At angles of incidence greater than the critical angle the light is reflected 
back into the originating dielectric medium (total internal reflection) with high 
efficiency (around 99.9%). Hence it may be observed in Fig. 2.2(c) that total 
internal reflection occurs at the interface between two dielectrics of differing 
refractive indices when light is incident on the dielectric of low er index from the 
dielectric of higher index, and the angle of incidence of the ray exceeds the 
critical value. This is the mechanism by which light at a sufficiently shallow 
angle (less than 90®may be considered to propagate down an optical 
fiber with low loss. Figure 2.3 illustrates the transmission of a light ray in an 
optical fiber via a series of total internal reflections at the interface of the silica 
core and the slightly lower refractive index silica cladding. The ray has an angle 
of incidence ^ at the interface which is greater than the critical angle and is 
reflected at the same angle to the normal. 





Pig. 2.3 The tran»miesicn o1 a light ray in a perlect optical fiber 


The light ray shown in Fig. 2.3 is known as a meridional ray as it passes 
through the axis of the fiber core. This type of ray is the simplest to describe 
and is generally used when illustrating the fundamciual transmission properties 
of optical fibers. U must also be noted that the light transmission illustrated in 
Fig. 2.3 assumes a perfect fiber, and that any discontinuiiies or imperfections 
at the core-cladding interface would probably result in refraction rather than 
total internal reflection with the subsequent loss of the light ray into the 
cladding. 

2.2.2 Acceptance Angle 

Having considered the propagation of light in an optical fiber through total 
internal reflection at the core-cladding interface, it is useful to enlarge upon the 
geometric optics approach with reference to light rays entering the fiber. Since 
only rays with a sufficiently shallow grazing angle (i.e. with an angle to the 
normal greater than at the core-cladding interface are transmitted by total 
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Fig, 2.4 Th$ dccdpiartco angle 0^ when launching light into an optical fiber. 

internal rcllection. il is clear thal not all rays entering the fiber core will con¬ 
tinue to be propagated down its length. 

The geometry concerned with launching a light ray into an optical fiber is 
shown in Fig. 2.4 which illustrates a meridional ray A at the critical angle 
within the fiber at the core-cladding interface, h may be observed that this ray 
enters the fiber core at an angle 6, to the liber axis and is refracted at the air- 
core interface before transmission to the core-cladding interface at the critical 
angle. Hence, any rays which are incident into the fiber core at an angle 
greater than 9,, will be transmitted to the core-cladding interface at an angle 
less than and will not be totally internally reflected. This situation is also 
illustrated in Fig. 2.4 where the incident ray B at an angle greater than 9^, is 
refracted into the cladding and eventually lost by radiation. Thu.s for rays to be 
transmitted by total internal reflection within the fiber core they must be 
incident on the fiber core within an acceptance cone defined by the conical half 
angle Hence 9;, is the maximum angle to the axis that light may enter the 
fiber in order to be propagated and is often referred to as the acceptance 
angle* for the fiber. 

If the fiber has a regular cross section (i.e. the corc-cladding interfaces are 
parallel and there are no discontinuities) an incident meridional ray at greater 
than the critical angle will continue to be reflected and w'ill be transmitted 
through the fiber. From symmetry considerations it may be noted thai the 
output angle to the axis will be equal to the input angle for the ray, assuming 
the ray emerges into a medium of the same refractive index from which it was 
input. 

2,2«3 Numerical Aperture 

The acceptance angle for an optical fiber was defined in the previous section. 
However, it is possible to continue the ray theory analysis to obtain a 

” 6, il lomecimei referred to ii the maximum or total aeoeptance angle. 
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relationship between the acceptance angle and the refractive indices of the 
three media involved, namely the core, cladding and air. This leads to the 
definition of a more generally used term, the numerical aperture (NA) of the 
fiber. It must be noted lhat within this analysis, as with the previous discussion 
of acceptance angle, wc are concerned with meridional rays within the fiber. 

Figure 2.5 shows a light ray incident on the fiber core at an angle 0, to the 
fiber axis which is less than the acceptance angle for the fiber 0,.,. The ray 
enters the fiber from a medium (air) of refractive index and the fiber core 
has a refractive index n,, which is slightly greater than the cladding refractive 
index ^ 2 . Assujning Ihe entrance face at the fiber core to be normal to the axis, 
then considering the refraction at the air-core interface and using Snelfs law 
given by Eq. (2.1): 

rto sin 6, * /!( sin 02 (2.3) 

Considering the right-angled triangle ABC indicated in Fig. 2.5, then: 

♦ -J-02 (2.4) 

where 6 is greater than the critical angle at the core-cladding interface. Hence 
Eq. (2.3) becomes 

rjy sin 0i = tty cos ^ (2.5) 

Using the trigonometrical relationship sin^ ^ + cos^ J, Eq. (2.5) may be 
written in the form: 

ftft sin 0| = (I - sin^ ♦)• (2.6) 

When the limiting case for total internal reflection is considered b becomes 
equal to the critical angle for the corc-cladding interface and is given by Eq. 
(2.2). Also in this limiting case 0, becomes the acceptance angle for the liber 
9j. Combining these limiting cases into Eq. (2.6) gives: 

/to sin 03 ^ (/ft - nl)^ (2.7) 

Equation (2.7), apart from relating the acceptance angle to the refractive 



Fig. 2.5 The rdv path for a meridional ray launched Into an optical fiber in air at an input 
angle less than the acceptance angle for the fiber. 
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indices, serves as the basis for the definition of the important optical fiber 
parameter, the numerical aperture (NA). Hence the NA is defined as: 

= («l - » 2 )'' 


NA 


n 


0 


sin 6 , 


( 2 . 8 ) 


Since the NA is often used with the fiber in air where n^^ is unity, it is simply 
equal to sin 63 . It may also be noted that incident meridional rays over the 
range 0 ^ 6 | < 0 ^ will be propagated within the fiber. 

The numerical aperture may also be given in terms of the relative refractive 
index difference A between the core and the cladding which is defined as: 


A^ 


2«t 


fti -/»: 


rt, 


(2.9) 


for A <1 1 


Hence combining Eq. (2.8) with Eq. (2.9) we can write: 

NA ^ /I, (2A)^ 


( 2 . 10 ) 


The relationships given in Eqs. (2.8) and (2.10) for the numerical aperture 
are a very useful measure of the light collecting ability of a fiber. They are 
independent of the fiber core diameter and will hold for diameters as small as 
8 However, for smaller diameters they break down as the geometric optics 
approach is invalid. Tim is because the ray theory model is only a partial 
description of the character of light. It describes the direction a plane wave 
component takes in the fiber but does not take into account interference 
between such components. When interference phenomena arc considered it is 
found that only rays with certain discrete characteristics propagate in the fiber 
core. Thus the fiber will only support a discrete number of guided modes. This 
becomes critical in small core diameter fibers which only support one or a few 
modes. Hence electromagnetic mode theory must be applied in these cases 
Ref. 121. 


Example 2.1 

A silica optical liber with a core diameter large enough to t)G considered by ray 
theory analysis has a core refractive iridex of 1.50 and a cladding refractive index of 
1.47. 

Deierrrlne. (a) the critical angle at the core—claddirrg interface. Ib) ihe NA for tho 
fiber; (c) the acceptance angle in air for the fiber. 

Solution, (a) The critical angle 4c the core—cladding interface is given by Eq. 
(2.2) where: 


''a 

4c ^ sin-’ — sin“* 


t.47 


1.50 


« 78 . 5 ^ 
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ib) From Eq. (2.8) the numerical aperture is: 

NA = (r?2 - = (1.5CP - 1.47*)’ 

(2.25 - 2.16)^ 


= 0.30 

(c) Considering Eq. (2.8) the acceptance angle in air 0,., is given by 

Og sin-’ NA =5 sin-* 0.30 

- 17 . 4 ^* 


Example 2.2 

A typical relative refractive index difference fcr an optical 5ber designed for long 
distance transmission is 1%. Estimate the NA and the solid acceptance angle in air 
for the fiber when the core index is 1.46. Further calculate the critical angle at the 
core cladding Interface within the fiber. It mav be assumed that the concepts of 
geometric optics hold for the fiber. 

Sofuthn: Using Eq (2 10) with AbO. 01 gives the numerical aperture as: 

NA cr n, (2AF * 1.46 (0.02)^ 

* 0.21 

For small angles the solid acceptance angle in air ^ is given by* 

5 It sin^ 0^ 

Hence from Eq. (2.6): 

; ??• rt(NA)^ it0.04 

0.13 rads 

Using Eq. (2.9) for the relative refractive index difference A gives: 

n, -/t 2 n 2 

. — 1 - 

nx nt 


Hence 


"2 

—-1 A 1-0.01 
ny 


=- 0.99 

From Eq. (2.2) the critical angle at the core—cladding interface is: 

4 

1 '’S 1 

4c = sin — = sin 0.99 


r 81.9® 
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2.2.4 Skew Rays 

In the previous sections we have considered the propagation of meridional rays 
in the optical waveguide. However, another category of ray exists which is 
transmitted without passing through the fiber axis. These rays, which greatly 
outnumber the meridional rays, follow a helical path through the fiber as 
illustrated in Fig. 2.6 and are called skew rays. It is not easy to visualize the 
skew ray paths in two dimensions but it may be observed from Fig. 2.6(b) that 
the helical path traced through the fiber gives a change in direction of 2y at 
each reflection w-here y is the angle between the projection of the ray in two 
dimensions and the radius of the fiber core at the point of reflection. Hence, 
unlike meridional rays, Ihe point of emergence of skew rays from the fiber in 
air will depend upon the number of reflections they undergo rather than the 
input conditions to the fiber. When the light input to the fiber is nonuniform, 
skew rays will therefore tend to have a smoothing effect on the distribution of 
the light as it is transmitted, giving a more uniform output. The amount of 
smoothing is dependent on the number of reflections, encountered by the skew 
rays. 

A further possible advantage of the transmission of skew rays becomes 
apparent when their acceptance conditions arc considered. In order to 
calculate the acceptance angle for a skew ray it is necessary to define the direc¬ 
tion of the ray in two perpendicular planes. The geometry of the situation is 
illustrated in Fig. 2.7 where .a skew ray is shown incident on the fiber core at 
the point A. at an angle 0, to the normal at the fiber end face. The ray is 
refracted at the air-core interface before travelling to the point B in the same 
plane, The angles of incidence and reficclion at the point B arc ^ which is 
greater than the critical angle for the core-cladding interface, 



Pig, 2.6 The helical path taken by a skew ray in an optical fiber; la) skew ray path down 
tha fiber; (b) croes-eectlonal view of the fiber. 
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Fig. 2.7 The ray path wUhin the fiber core for a skew ray incident at an angle % to the 
normal at the air-core Interface. 


When considering the ray between A and B it is necessary to resolve the 
direction of the ray path AB to the core radius at the point B. As the incident 
and reflected rays at the point B are in the same plane, this is simply cos^. 
However, if the two perpendicular planes through which the ray path AB 
traverses are considered, then y is ihe angle between the core radius and the 
projection of the ray onto a plane BBS normal to the core axis, and 6 is the 
angle between the ray and a line AT drawn parallel to the core axis. Thus to 
resolve the ray path AS relative to the radius BR in these two perpendicular 
planes, requires multiplication by cosy and sinB. 

Hence, the reflection at point B ai an angle ^ may be given by: 

cos y sin 6 » cos ^ (2.11) 

Using the trigonometrical relationship sin^ ^ + cos^ d * (2.) 1) 

becomes: 

cos y sin 0 = cos ^ = (I - sin^ (2.12) 

If the limiting case for total internal reflection is now considered then ^ 
becomes equal to the critical angle iji^ for the corc-cladding interface and 
following Eq. (2.2) is given by sin = rt^/ni . Hence Eq. (2.12) may be written 
as: 


cos y sin 6 ^ cos 



(2.13) 


Furthermore, using SnelTs law at the point following Eq. (2,1), we can write: 

rio sin 0g = n, sin 0 ^ (2.14) 

where 0., represents the maximum input axial angle for meridional rays as 
expressed in Section 2.2.2, and 8 is the internal axial angle. Hence substituting 
for sin0 from Eq. (2.13) into Eq. (2.14) gives: 
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sin 8,, - 




cos^ 


riy 


«o cos y «o cos y 


(- 1 )^ 


(2.15) 


where 9as now represents the maximum input angle or acceptance angle for 
skew' rays. It may be noted that the inequality shown in Eq. (2.13) is no longer 
necessary as all the terms in Eiq. (2.15) are specified Tor the limiting case. Thus 
the acceptance conditions for skew rays are: 

cos y = = nA (2.16) 


n 


sin 6 


and in the case of the liber in air tt: 1): 

sin 0a<. cos y = NA 


(2.17) 


Therefore, by comparison with Eq. (2.8) derived for meridional rays, it may be 
noted that skew rays are accepted at larger axial aiiglc.s in a given fiber than 
meridional rays, depending upon the value of cos y. In fact for meridional rays 
cosy is equal to unity and 0^^ becomes equal to 9^. Thus although 0^ is the 
maximum conical half angle for the acceptance of meridional rays, it defines 
the minimum input angle for skew rays. Hence as may be observed from 
Fig. 2.6, skew rays tend to propagate only in the annular region near the outer 
surface of the core, and do not fully utilise the core as a transmission medium. 
However, they are complementary to meridional rays and increase the light¬ 
gathering capacity of the fiber. This increased light-gathering ability may be 
significant for large NA fibers, but for most communication design purposes 
the expressions given in tqs. (2.8) and (2.10) for meridional rays are con¬ 
sidered adequate. 


Example 2.3 

An optical fiber in air has ar^ NA of 0.4. Compare the acceptonce angle for 
meridional rays with that for skew fays which change direction by 100^ at each 
reflection. 

So/ur/on. The acceptance angle for meridional rayti is given by £q. (2 8) with 
hq * 1 as: 

sin* ^ NA * sin“^ 0.4 




* 23.6® 


The skew rays change direction by 100® at each reflection, therefore 50' 
Hence using Eq. 12.17) the acceptance angle for skew rays is: 


/ NA \ , / ^^ \ 

9j,s ^ sin ’ I - 1 — sin (--*) 

\cosy/ \ cos 50®/ 


= 38 5® 

In this example, the acceptance angle for the skew rays is about 1 5® greater than 
the corresponding angle for meridional rays. However, it must be noted that we have 
only QOmpired the acceptance angle of one particular skew ray path. When the light 
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input to the fiber is at an angle to the fiber axis, it is possible that y will vary from 
zero for meridkonal rays to 90® for rays which enter the fiber at the core-dadding 
interface giving acceptance of skew rays over a conical half angle of n 2 radians. 


2.3 ELECTROMAGNETIC MODE THEORY FOR OPTICAL 
PROPAGATION 

2.3.1 Electromagnetic Waves 

In order lo obtain an improved model for the propagation of light in an optical 
fiber, electromagnetic wave theory must be considered. The basis for the study 
of electromagnetic wave propagation is provided by Maxwell's equations I Ref. 
13], For a medium with zero conductivity these vector relationships may be 
written in terms of the electric field E, magnetic field //, electric flux density D 
and magnetic flux density B as the curl equations: 


as 

V X £=- 

a/ 

(2.18) 

az) 

Vx//- — 

at 

(2.19) 

and the divergence conditions; 


V . £> s- 0 (no free charges) 

(2,20) 

V ■ E = 0 (no free poles) 

(2.21) 

where V is a vector operator. 

The four field vectors arc related by the relations: 


D = eE 

B 

(2.22) 

where 8 is the dielectric permittivity and |i is the magnetic permeability of the 
medium. 

Substituting for D and B and taking the curl of Eqs. (2.18) and (2.19) gives 

a^E 

Vx(Vx£) = -p6 — 

(2.23) 

V X (V X //) - -|1S - 

dr 

(2.24) 


Then using the divergence conditions of Eqs. (2.20) and (2.21) with the 
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vector identity 

V X (V X r) = V(V - iO - VHY) 

we obtain the nondispersive wave equations: 

V‘£=:p£ 


and 


V-//=:^E 


d-E 

dt- 

(2.25) 


(2.26) 


where V‘ is the Laplacian operator. For rectangular Cartesian and cylindrical 
polar coordinates the above wave equations hold for each component of the 
field vector, every component satisfying the scalar wave equation; 


1 


V^vr = — 


(2.27) 


where v may represent a componeni of the E or H field and Vp is the phase 
velocity (velocity of propagation of a point of constant phase in the wave) in 
the dielectric medium. 1( follows that 


1 


I 


‘’p = 


(H6)l (MeHoe,€u)‘ 


(2.28) 


where and the relative permeability and permittivity for the dielectric 
medium and Ho to are the permeability and permittivity of free space. The 
velocity of light in free space c is therefore 


I 


c = 




(2,29) 


If planar waveguides, described by rectangular Cartesian coordinates 
i.x, yj z), or circular fibers, described by cylindrical polar coordinates (r, <)>, z) 
are considered, then the Laplacian operator takes the form: 


, 

^ df dz^ 


(2.30) 


or 


, 1 0nf 1. d^v 

N Ilf —-1,--^- 

dr^ r dr 5 ^^ dz^ 




(2.31) 


mpMtlvely. It ii neceiiary to consider both these forms for a complete treat- 
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merit of optical propagation in the fiber although many of the properties of 
interest may be dealt with using Cartesian coordinates. 

The basic solution of the wave equation is a sinusoidal wave, the most 
important form of which is a uniform plane wave given by: 

V = Vo expy(o>/ - k • r) (2.32) 

where co is the angular frequency of the field, t is the time, A: is the propagation 
vector which gives the direction of propagation and the rate of change of phase 
with distance, whilst Ihc components of r specify the coordinate point at which 
the field is observed. When X is the optical wavelength in a vacuum, the mag¬ 
nitude of the propagation vector or the vacuum propagation constant k (where 
/c ^ IA:|) is given by: 



(2.33) 


It should be noted that in this case k is also referred to as the free space wave 
number. 


2«3.2 Modes in a Planar Guido 

The planar guide is the simplest form of optical waveguide. We may assume it 
consists of a slab of dielectric with refractive index n, sandwiched between two 
regions of lower refractive index n^. In order to obtain an improved model for 
optical propagation it is useful lo con.sider the interference of plane wave com¬ 
ponents within this dielectric waveguide. 

The conceptual transition from ray to wave theory may be aided by con¬ 
sideration of a plane monochromatic wave propagating in the direction of ihc 
ray path within the guide (.see Fig. 2.8(a)). As the refractive index w^ithin the 
guide is . the optica! wavelength in this region is reduced to K/n^ whilst the 
vacuum propagation constant is increased iort^k, When 0 Ls the angle between 
the wave propagation vector or the equivalent ray and the guide axis, the plane 
wave can be resolved into two component plane waves propagating in the 2 
and X directions as shown in Fig. 2.8(a). The component of the propagation 
constant in the z direction p. is given by: 

P, - rt,A: cos e (2.34) 

The component of the propagation constant in the x direction p,. is: 

P^ = sin 6 (2.35) 

The component of the plane wave in the jc direction is reflected at the 
interface between the higher and lower refractive index media. When the total 
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Fig. 2.8 The formation of a mocie in a planar dielectric guide: ia) a plane wave propagat¬ 
ing in the guide ehown by Ua wave vector or equivalent ray—the wave vector is 
resolved into componenta in the z and * directions; ib) the interference of plane 
waves in the guide forming the lowest order mode (m « 0). 


phase change* after two successive relleciions at the upper and lower 
interfaces (between the points P and Q) is equal to 2 mrt radians, where m Is an 
integer, then constructive interference occurs and a standing wave is obtained 
in the x direction. This situation is illustrated in Fig. 2.8(b) where the 
interference of two plane waves is shown. In this illustration it is assumed that 
the interference forms the lowest order (where w - 0) standing wave, where 
the electric field is a maximum at the center of the guide decaying towards zero 
at the boundary between the guide and cladding. However, it may be observed 
from Fig. 2.8(b) that the electric field penetrates some distance into the clad¬ 
ding, a phenomenon which is discussed in Section 2.3.4. 

Nevertheless the optical wave is effectively confined within the guide and the 
electric field dislribution in the x direction docs not change as the wave 
propagates in the z direction. The sinusoidally varying electric field in the z 
direction is also shown in Fig. 2.8(b). The stable field distribution in the a: 
direction with only a periodic z dependence is known as a mode. A specific 
mode is only obtained when the angle between the propagation vectors or the 
rays and the interface have a particular value as indicated in Fig. 2-8(b). In 
effect Eqs. (2.34) and (2.35) define a group or congruence of rays which in the 


• It should be noted that there is a idiase shift oo reflection of the plane wave at the interface 
as well as a phase change with disUfice traveUed. The phase shitt on reflection at a dielectric 
Interface li dealt with in Section 2.3A 
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case described represents the lowest order mode. Hence the light propagating 
within the guide is formed into discrete modes each typified by a distinct value 
of 0. These modes have a periodic z dependence of the form exp (-yP^ z) where 
P; becomes the propagation constant for the mode as the modal field pattern is 
invariant except for a periodic z dependence. Hence for notational simplicity, 
and in common with accepted practice, we denote the mode propagation con¬ 
stant by P, where P - P... If we now assume a time dependence for the mono¬ 
chromatic electromagnetic light field with angular frequency co of exp (/’(or). 
then the combined factor exp/fo)/— pz) describes a mode propagating in the z 
direction. 

To visualize the dominant modes propagating in the z direction wc may con¬ 
sider plane waves corresponding to rays at different specific angles in the 
planar guide. These plane waves give constructive interference to form stand¬ 
ing wave patterns across the guide following a sine or cosine formula. Figure 
2.9 shows examples of such rays for w = I, 2, 3 together with the electric field 
distributions in the x direction. It may be observed that m denotes the number 
of zeros in this transverse field pattern. In this way m signifies the order of the 
mode and is known as the mode number. 

When light is described as an electromagnetic wave it consists of a 
periodically varying electric field E and magnetic field //which are orientated 


ClaOilint p«o«cr4(i<«n 




Fig. 2.9 Physical model showing the ray propagation and the corresponding transverse 
electric (TE) field patterr>s of three lower order modes = 1,2, 3) In the planar 
dielectric guide. 
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ai right angles lo each other. The transverse modes shown in Fig. 2.9 illustrate 
the case when the electric field is perpendicular to the direction of propagation 
and hence E. = 0, but a corresponding component of the magnetic field H is in 
the direction of propagation. In this instance the modes are said lo be 
transverse electric (TE). Alternatively, when a component of llie E field is in 
the direction of propagation, but W- = 0, the modes formed are called 
transverse magnetic (TM). The mode numbers are incorporated into this 
nomenclature by referring lo the -TE^ and modes as illustrated for the 
transverse electric modes shown in Fig. 2.9. When the total field lies in the 
transverse plane, transverse electromagnetic (TEM) wavers exist where both E. 
and H. arc zero. However, although TEM waves occur in metallic conductors 
(e.g. coaxial cables) they are seldom found in optical waveguides. 

2.3.3 Phase and Group Velocity 

Within all electromagnetic waves, whether plane or otherwise, there are points 
of constant phase. For plane waves these constant phase points form a surface 
which is referred to as a wavefront. As a monochromatic light wave 
propagates along a waveguide in the z direction these points of constant phase 
travel at a phase velocity given by: 


<>> 


(2.36) 


where <a is the angular frequency of the wave. However, it is impossible in 
practice to produce perfectly monochiximaiic light waves, and light energy is 
generally composed of a sum of plane wave components of different fre¬ 
quencies. Often the situation exists where a group of waves with closely similar 
frequencies propagate so that their resultant forms a packet of waves. The for¬ 
mation of such a wave packet resulting from the combination of two waves of 
slightly dilTerent frequency propagating together is illustrated in Fig. 2,10. This 
wave packet does not travel at the phase velocity of the individual waves but is 
observed to move at a group velocity given by 


‘■* = 


Soa 

8P 


(2.37) 


The group velocity is of greatest importance in the study of the transmission 
characteristics of optical fibers as it relates to the propagation characteristics 
of observable wave groups or packets of light. 

If propagation in an infinite medium of refractive index «, is considered, 
then the propagation constant may be written as: 


2ii n,ca 

.- 

\ c 


(2.38) 
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Fig. 2.10 The formation of a wave packet from the combination of two wave$ with 
nearly equal frequencies. The envelope of the wave pdOkat or group of waves 
travels at a group velocity Vg. 


where c is the velochy oriighl in free space. Equation (2.38) follows from Eqs. 
(2.33) and (2.34) where we assume propagation in the z direction only and 
hence cos 6 is equal to unity. Using Eq. (2.36) we obtain the following 
relationship for the phase velocity: 

v,=— (2.39) 

Similarly employing Eq. (2.37), where in the limit 5 q)/ 5P becomes dw/dp, the 
group velocity: 


^ dX d<o d / 2 ji / -cu \ 

y' T) \T) 

-to / I d/ii ffi \ ^ 

” 2n\ 


c 




(2.40) 


The parameter N; is known as the group index of the guide. 
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2 . 3.4 Phase Shift with Total Internal Reflection and the 
Evanescent Field 

The discussion of electromagnetic wave propagation in the planar waveguide 
given in Section 2.3.2 drew attention to certain phenomena that occur at the 
guide-cladding interface which are not apparent from ray theory considera¬ 
tions of optical propagation. In order to appreciate these phenomena it is 
necessary to use the wave theory model for total internal reflection at a planar 
interface. This is illustrated in Fig. 2.11, where the arrowed lines represent 
wave propagation vectors and a component of the w ave energy is shown to be 
transmitted through the interface into the cladding. The wave equation in 
Cartesian coordinates for the electric field in a lossless medium is: 


-| 1 € 




d’E 

+ —+ 


dpr <fy' 


(2.41) 


As the guide-cladding interface lies in the>*-r plane and the wave is incident in 
the x -2 plane onto the interface, then d/dy may be assumed to be zero. Since 
the phase fronts must match at all points along the interface in the z direction, 
the three waves shown in Fig. 2.M will have the same propagation constant p 
ill this direction. Therefore from the discussion of Section 2.3.2 the wave 
propagation in the z direction may be described by expy(or - Pz). In addition, 
there will also be propagation in the x direction. When the components are 
resolved in this plane: 

P^i = Hi k cos (2.42) 


* 


FI9.2.11 



A wave incident on the guide—cladding interface of a planar dielectric 
waveguide. The wave vectors of the incident, transmitted and reflected waves 
are indicated (wild arrowed lines) together with their components in the z and 
X directions (dashed arrowed lines). 
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Px 2 - nik cos (|h (2.43) 

where p,, and p,, are propagation constants in the x direction for the guide 
and cladding re.spcctively. Thus the three waves in the waveguide indicated in 
Fig. 2,11, the incident, the transmitted and the reflected, with amplitudes/I. 
and C respectively will have the forms: 

A = A(, exp -O'P.viJ^) exp j(iot - Pz) (2.44) 

= Bo exp -C/PrtX) exp y(e>/ - pz) (2,45) 

C = Co exp (ypxiJc) exp j{(al - Pz) (2.46) 

Using the simple trigonometrical relationship cos^ (ji 4- sin' ^ I; 

P,?, -p0 = -4f (2.47) 

and 


P,>2 - (tti*’ - P') = -V: (2.48) 

When an electromagnetic wave is incident upon an interface between two 
dielectric media, Maxwell’s cguaiion.s require that both the tangential com¬ 
ponents of £ and H and the normal components of Z)(- e£) and B (= \iH) are 
continuous across the boundary. If the boundary is defined at x ^ 0 we may 
consider the cases of the transverse electric (TE) and transverse magnetic 
(TM) modes. 

Initially let us consider the TE field at the boundary. When Eqs. (2,44) and 
(2,46) are u.scd to represent the electric field components in the y direction £,, 
and the boundary conditions are applied, then the normal components of the E 
and H fields at the inierfacc may be equated giving: 




(2.49) 


Furthermore it can be .shown (see Appendix A) that an electric field com¬ 
ponent in the y direction is related to the tangential magnetic field component 
H. following: 



j gg, 

lUMo® dx 


(2.50) 


Applying the tangential boundary conditions and equating by 
differentiating E^. gives: 

“P^i-^o + P.rzCo = —p,’B<, (2.51) 

Algebraic manipulation of Eqs. (2.49) and (2.51) provides the following 
results: 



(2.52) 
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{ 


2p 


'ji 


P,. + P 




= Af.r 


o'fr 


(2.53) 


where and ^£ 7 - are ihe reflection and transmission coefficienls for the /: 
field at the interface respectively. The expressions obtained in Eqs, (2.52) and 
(2.53) correspond to the Fresnel relationships |Ref. 10) for radiation polarized 
perpendicular to the interface {E polarization). 

When both P,| and P .2 arc real it is clear that the reflected wave C is in 
phase with the incident wave.^. This corresponds to partial reflection of the 
incident beam. However^ as is increased the component (i.c. P) increases 
and following Eqs. (2.47) and (2.48X the components P^, and P ,,2 decrease. 
Continuation of this process results in pyj passing through zero, a point which 
is signified by 4^1 reaching the critical angle for total internal relleciion. ir<t>) is 
further increased the component py 2 becomes imaginary and we may write it 
in the form During this process P»| remain.^ real because we have 
assumed that >ni. Under the conditions of total internal reflection Eq. 
(2.52) may therefore be written as: 


i) “ ^ti ^ 




ft 


exp 2y5£ 


(2.54) 


where we observe there is a phase shift of the reflected wave relative to the 
Incident wave. This is signified by $£ which is given by: 


tan 8 ^; = 


P.H 


(2.55) 


Furthermore the modulus of the reflected wave is identical to the modulus of 
the incident wave (\Co\^\Aq\), The curves of the amplitude reflection 
coefficient | | and phase shift on reflection, against angle of incidence ^ 0 ^ 

TE waves incident on a glass-air interface are displayed in Fig. 2,12 I Ref. 141. 
These curves illustrate the above results, where under the conditions of total 
internal reflection the reflected wave has an equal amplitude to the incident 
wave, but undergoes a phase shift corresponding to Sf degrees. 

A similar analysis may be applied to the TM modes at the interface which 
leads to expressions for reflection and transmission of the form IRef. 14|: 


^ , /P..n5-P.2«f \ , 

^0 —^0 IT-1 a T ) 

\PTl»d +9.r2l>l I 




(2.56) 


and 




= Anr 


HT 


(2.57) 
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Fig. 2.12 Curves showing the reflection coefficient and phase shift on reflection for 
transverse electric waves against the angle of incidence for a glass-air 
interface (n, »1.5. Reproduced with permission from J, E, Mid¬ 

winter. Ot>tic9t Fib^s for Transmission. John Wdey & Sons Inc., 1979. 

where and r^yy arc respectively the reflection and transmission coefficients 
for the H field at the inierface. Again the expressions given in Eq.s. (2.56) and 
(2,57) eorrespond to Fresnel relaiionships | Ref. lOi. but in this case they apply 
to radiation polarized parallel lo ihe inierface (W polarization). I'urthermore, 
considerations of an increasing angle of incidence ijii. such that p,.? goes to 
zero, and then becomes imaginary, again results in a phase shift when iota! 
internal reflection occurs. However, in this case a different phase shift is 
obtained corresponding lo 

Co - Aa exp ( 27 ' 8 „) (2.58) 

where 


tan bn = 


tan 


(2.59) 


Thus the phase shift obtained on total internal reflection is dependent upon 
both the angle of incidence and the polarization (either TE or TM) of the 
radiation. 

The second phenomenon of interest under conditions of total iiuernat reflec¬ 
tion is the form of the electric field in the cladding of the guide. Before the 
critical angle for total internal reflection is reached and hence when there is 
only partial reflection, the field in the cladding is of the form given by Lq. 

(2.45) . However, as indicated previously, when total internal reflection occurs, 
P ^2 becomes imaginary and may be written as ^'^ 2 . Substituting for p.^ in Eq. 

(12.45) gives the transmitted wave in the cladding as; 



B = Bo exp expyCo? - Pz) 


(2.60) 
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Fig. 2.13 The exponemially decaying evanescent field In the cladding of the optical 
waveguide. 

Thus the amplitude of the field in the cladding is observed to decay 
exponentially* in the x direction. Such a field, exhibiting an exponentially 
decaying amplitude, is often referred to as an evanescent field. Figure 2,13 
shows a diagrammatic representation of the evanescent field. A field of this 
type stores energy and transports it in the direction of propagation (r) but docs 
not transport energy in the transverse direction {.v). Nevertheless the existence 
of an evanescent field beyond the plane of rcllection in the lower index medium 
indicates that optical energy is transmitted into the cladding. 

The penetration of energy into the cladding underlines the importance of the 
choice of cladding maierial. It gives rise to the following requirements; 

(a) The cladding should be transparent to light at the wavelengths over which 
the guide is to operate. 

(b) Ideally the cladding should consist of a st>Ud maierial in order to avoid 
both damage to the guide and the accumulation of foreign matter on the 
guide walls. These effects degrade the reflection process by interaction with 
the evanescent field. This in part explains the poor peiformancc (high 
losses) of early optical waveguides with air cladding. 

(c) The cladding thickness must be sufficient to allow the evanesceni field to 
decay to a low value or losses from the penetrating energy may be 
encountered. In many cases, however, the magnitude of the field falls off 
rapidly with distance from the guide-cladding interface. This may occur 
within distances equivalent to a few wavelengths of the transmitted light. 

Therefore the most widely used optical fibers consist of a core and cladding 
both made of glass. The cladding refractive index is thus higher than would be 
the case with liquid or gaseous cladding giving a lower numerical aperture for 
the fiber, but it provides a far more practical solution. 


• l( should be noted that we have chosen the sign of 4, so that the exponential field decays 
rither than grows with distance into the cladding. In this case a growing exponential field is 
a physically Improbable solution. 
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2.3.5 Goos-Haenchen Shift 

The phase change incurred with the total internal reflection of a light beam on 
a planar dielectric interface may be understood from physical observation, 
Careful examination shows that the reflected beam is shifted laterally from the 
trajectory predicted by simple ray theory analysis as illustrated in Fig. 2.14. 
This lateral displacement is known as the Goos-Haenchen shift after its first 
observers. 

The geometric reflection appears to take place at a virtual reflecting plane 
which is parallel to the dielectric interface in the lower index medium as 
indicated in Fig. 2.14. Utilizing wave theory it is possible to determine this 
lateral shift [Ref. 141 although it is very small 0.06-0.10 pm for a silvered 
glass interface at a wavelength of 0.55 pm) and difficult to observe. However, 
this concept provides an important insight into the guidance mechanism of 
dielectric optical waveguides. 



Fig. 2.14 Tfie lateral displacement of a light beam on reflection at a dielectric interface 
(Goos-Haenchen ahifi). 


2.3.6 Cylindrical Fiber 

The exact solution of Maxwell’s equations for a cylindrical homogeneous core 
dielectric waveguide* involves much algebra and yields a complex result |Ref. 
151. Although the presentation of this mathematics is beyond the scope of this 
text, it is useful to consider the resulting modal fields. In common with the 
planar guide (Section 2.3.2), TE (where =0) and TM (where H, =0) 
modes are obtained within the dielectric cylinder. The cylindrical waveguide, 
however, is bounded in two dimensions rather than one. Thus tw'o integers, / 
and are necessary in order to specify the modes in contrast to the single 
integer (m) required for the planar guide. For the cylindrical waveguide wc 
therefore refer to and TM/„, modes. These modes correspond to 

meridional rays (see Section 2.2.1) travelling within the fiber. How'ever, hybrid 


• This type of optical waveguide with a ctmstant refractive index core is known as a step index 
fiber (see Section 2.4). 
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modes where E. and H. are nonzero also occur within the cylindrical 
waveguide. These modes which result from skew ray propagation (see Section 
2.2.4) within the fiber are designated HEy^ and EH/^, depending upon whether 
the components of H ox E make the larger contribution to the transverse (to 
the fiber axis) field. Thus an exact description of the modal fields in a step 
index fiber proves somewhat complicated. 

Fortunately the analysis may be simplified when considering optical fibers 
for communication purposes. These fibers satisfy the weakly guiding approxi¬ 
mation I Ref. 161 where the relative index difference A I. This corresponds to 
small grazing angles 0 in Eq. (2.34). In fact A is usually less than 0.03 (2%) for 
optical communications fibers. For weakly guiding structures with dominant 
forw'ard propagation, mode theory gives dominant transverse field com¬ 
ponents, Hence approximate solutions for the full set of HE, EH, TE and TM 
modes may be given by two linearly polarized components I Ref. 16). These 
linearly polarized (LP) modes are not exact modes of the fiber except for the 
fundamental (lowest order) mode. However, a$ A in weakly guiding fibers is 
very small, then HE-EH mode pairs occur which have almost identical 
propagation constants. Such modes are said to be degenerate. The superposi¬ 
tions of these degenerating modes characterized by a common propagation 
constant correspond to particular l.P modes regardless of their HE. EH, TE or 
TM field configurations. This linear combination of degenerate modes 
obtained from the exact solution produces a useful simplification in the 
analysis of weakly guiding fibers. 

The relationship between the traditional HE, EH, TE and TM mode designa¬ 
tions and the modedesignationsare shown in Table 2.1. The mode subscripts 
/ and m are related to the electric field intensity profile for a particular 
LP mode (see Fig. 2.15(d)). There are in general 2/ field maxima around the 
circumference of the fiber core and m field maxima along a radius vector. 
Furthermore, it may be observed from Table 2.1 that the notation for labelling 


Table 2.1 


Correspondence between the lower 
order linearly polarized modes and 
the traditional exact modes from 
which they are formed 


Linearly polarized 


Exact 


LP.. 

LP,. 

LP,. 

LP„ 

LP,. 

LP„ 

LPto 

LP,„(/:..Oor1) 




HE 

HE„.TE„. TM„, 
HE,,. EH.. 

HE,, 

HE,,. EH„ 
HE„.TEu,TM„ 
HE„.TE,„,.TM„„ 
H^.|. . EH/. I 
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(a) i'i) (0 W> 


Fig. 2.15 Tho electric field con figure Hons for the three lowest LP modes Illustrated In 
terms of their consiltuent exact modes: (a) LP mode deslynatlons: (b) exact 
mode designations: (c) electric field distribution of the exact modes; 
(d) Irvtenalty distribution of 5. for the exact modes Indicating the electric field 
intensity profile for the corresponding LP modes. 


the HE and EH modes has changed from that specified for the exact solution 
in the cylindrical waveguide mentioned previously. The subscript I in the LP 
notation now corresponds to HE and EH modes with labels / + I and / - 1 
respectively. 

The electric Held intensity profile for the lowest three LP modes, together 
with the electric field distribution of their constituent exact modes, are shown 
in Fig, 2.15, It may be observed from the field configurations of the exact 
modes that the field strength in the transverse direction (t\ or L',) is identical 
for the modes which belong to the same LPmode. Hence the origin of the term 
‘linearly polarized’. 

Using Eq. (2.31) for the cylindrical homogeneous core waveguide under the 
weak guidance conditions outlined above, the scalar wave equation can be 
written in the form IRef. 17|: 




1 dvf I d^v 

r dr r* 


+ («f/i:^-p2)v=o 


(2.61) 
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where v the field {E or //), rtj is the refractive index of the fiber core, k is the 
propagation constant for light in a vacuum, and r and (j) are cylindrical 
coordinates. The propagation constants of the guided modes p lie in ihe range 


W2A: < P < n^k 


(2.62) 


where Hi is the refractive index of the fiber cladding. Solutions of the wave 
equation for the cylindrical fiber are separable, having the form: 


- E{r) 


( cos 
\ sin 


exp (fol - p 2 ) 


} 


(2.63) 


where in this case v represents the dominant transverse electric field com¬ 
ponent. The periodic dependence on ^ following cos or sin gives a mode 
of radial order 1. Hence the fiber supports a finite number of guided modes of 
the form of Eq. (2.63). 

Introducing the solutions given by Eq. (2.63) into Eq. (2.61) results in a 




fig. 8.10 


(b) 


(«} Varlitlcn Qf thi Betttl function Jfir) for 1.2,3 (first four orders), 
plotted apalnctr. <b) Qriph of the modifM Bessel function K/{r) against r for 

/-OJ. 
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difTerenlial equation of the form: 


1 dE 

-TT' + + 

dr r dr 


[ 


(n,k^-p^)-—]E = 0 

r 


(2.64) 


For a step index fiber with a constant refractive index core» Eq. (2.64) is a 
Bessel's differential equation and the solutions are cylinder functions. In the 
core region the solutions are Bessel functions denoted by 7;. A graph of these 
gradually damped oscillatory functions (with respect to r) is shown in Fig. 
2.16(a). It may be noted that the field is finite at r = 0 and may be represented 
by the zero order Bessel function Jy. However, the field vanishes as r goes to 
infinity and the solutions in Ihe cladding are therefore modified Bessel func¬ 
tions denoted by Kf. These modified functions decay exponentially with 
respect to r as illustrated in Fig. 2.16(b). The electric field may therefore be 
given by: 

E{r) - GJ/iUR) for /? < I (core) 

(2.65) 

K,(}yR) 

= - for /? > I (cladding) 

A/(M0 


where G is the amplitude coefficient and R =r/a is the normalized radial 
coordinate when a is the radius of the fiber core. U and W which are the 
eigenvalues in the core and cladding respectively, are defined as: 

U = a(n]k‘ - (2.66) 

tv = a(P^ - (2.67) 

The sum of the squares of U and IF defines a very useful quantity I Ref. 181 
which is usually referred to as the normalized frequency* V where 

y = (U^ + = kain] - n\)^ (2.68) 

It may be observed that Ihe commonly used symbol for this parameter is the 
same as (hat normally adopted for voltage. However, within this chapter there 
should be no confusion over this point. Furthermore, using Eqs. (2.8) and 
(2.10), the normalized frequency may be expressed in terms of the numerical 
aperture NA and the relative refractive index difference A respectively as: 


2n 
V= — 
X 


fl(NA) 


(2.69) 


* When used in the context of the planar waveguide, V is sometimes known as the normalized 
film thickness as it relates to the thickoeas of the guide layer (see Section 11.7.1). 
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2k , 

~ atty (2A)^ 


(2.70) 


The normalized frequency is a dimensionless parameter and hence is also 
sometimes simply called ihc V number or value of ihc fiber. 

It is also possible to deline Ihe normalized propagation constant b for a fiber 
in terms of the parameters of Eq. (2.68) so that: 

«7 - nl 


(fi/kf - nj 

2n]dk 


(2.71) 


Referring to the expression for the guided modes given in Eq. (2.62), the limits 
of p are n^k and n^ky hence b must lie between 0 and 1. 

In the weak guidance approximation the field matching conditions at the 
boundary require continuity of the transverse and tangential electrical field 
components at the core-cladding interface (at r = a). Therefore, using the 
Bessel function relations outlined previously, an eigenvalue equation for the LP 
modes may be written in the following form I Ref. 181: 


4i(^) 

MV) 


* +yy 


K,(IV) 


(2.72) 


Solving Eq. (2.72) with Eqs. (2.66) and (2.67) allows the eigenvalue U and 
hence p to be calculated as a function of the normalized frequency. In this way 
the propagation characteristics of the various modes and their dependence on 
the optical wavelength and the fiber parameters may be determined. 

Considering the limit of mode propagation when then the mode 

phase velocity is equal to the velocity of light in the cladding and the mode is 
no longer properly guided. In this case the mode is said to be cut off and the 
eigenvalue (Eq. 2.67). Unguided or radiation modes have frequencies 

below cutoff where p Kkrii^ and hence W is im<^inary. Nevertheless, wave 
propagation does not cease abruptly below cutoff. Modes exist where P < kn 2 
but the difference is very small, such that some of the energy loss due to radia¬ 
tion is prevented by an angular momentum barrier iRef. 20] formed near the 
core-cladding interface, Solutions of the wave'equation giving these states are 
called leaky modes, and often behave as very lossy guided modes rather than 
radiation modes. Alternatively as p is increased above n^/c. less power is 
propagated in the cladding until at p—/iiA: all the power is confined to the 
fiber core. As indicated previously, this range of values for p signifies the 
guided modes of the fiber. 
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Fig. 2.17 The allowed regions for the LP modes of order / 0,1 against normalized fre- 
quency iV) for a circular optical waveguide with a constant refractive index 
core tstep index fiber). Reproduced with permission from D. Qioge, App/. Opt., 
10. p. 2552. 1971 


The lower order modes obtained in a cylindrical homogeneous core 
waveguide are shown in Fig. 2.17 |Ref. 16|. Both ihe LP notation and the 
corresponding traditional HE> EH. TE and TM mode notations are indicated. 
In addition, the Bessel functions and arc plotted against the normalised 
frequency and where they cross the zero gives the cutoff point for the various 
modes. Hence the cutoff point for a particular mode corresponds to a distinc* 
tive value of the normalized frequency (where y — for the fiber. It may be 
observed from Fig. 2.17 that the value of y^ is different for different modes. 
For example the first zero crossing*/, occurs when the normalized frequency is 
0 and this corresponds to the cuiofl'for the LP^i mode. However, the first zero 
crossing for is when the normalized frequency is 2.405, giving a cutoff value 
y^ of 2.405 for the LP,, mode. Similarly, the second zero ofcorresponds to 
a normalized frequency of 3.83, giving a cutoff value for the LP 02 mode of 
3.83. It is therefore apparent that fibers may be produced with particular 
values of normalized frequency which allows only certain modes to propagnte. 
This is further illustrated in Fig. 2.18 |Ref. I6| which shows the normalized 
propagation constant b for a number of LP modes as a function of K. Ii may 
be observed that (he cutoff value of normalized frequency y^ which occurs 
when p = r ?2 corresponds to b = 0. 

The propagation of particular modes within a fiber may also be confirmed 
through visual analysis. The electric field distribution of difl'erenl modes gives 
similar distributions of light intensity within the fiber core. These waveguide 
patterns (often called mode patterns) may give an indication of the pre¬ 
dominant modes propagating in the fiber. The field intensity distributions for 
the three lower order LP modes were shown in Fig. 2.15. In Fig. 2.19 we 
illustrate the mode patterns for two higher order LP modes. However, unless 
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Fig. 2.18 The normalized propagation constant 6 as a function of normalized frequency 
Vfor a numbered LP rno<Ies Rdprorluced with permission from D Gloge.App/. 
Opt.. 10. |>. 2562. 1971. 




Fig. 2.19 Sketches of fiber cross sections illustrating tha distinctive light Intensity 
distributions (mode patterns) generated by propagation of Individ uni 11 nan My 
polarized modes 

the fiber is designed for the propagation of a particular mode it is likely that the 
superposition of many modes will result in no distinctive pattern. 

2«3.7 Mode Coupling 

We have thus far considered the propagation aspects of perfect dielectric 
waveguides. However, waveguide perturbations such as deviations of the ilbcr 
axis from straightness, variations in the core diameter, irregularities at the 
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Pig. 2.20 Ray theory illustrations showing (wo of the possible fiber perturbations which 
give mode coupling: la) irregularity at the core-cladding Interface; (b) fiber 
bend 


core-cladding interface and refractive index variations may change the propa¬ 
gation characteristics of the fiber. These will have the effect of coupling energy 
travelling in one mode to another depending on the specific perturbation. 

Ray theory aids the understanding of this phenomenon as shown in 
Fig. 2.20 which illustrates two types of perturbation. It may be observed that 
in both cases the ray no longer maintains the same angle with the axis. In 
electromagnetic wave theory this corresponds to a change in the propagating 
mode for the light. Thus individual modes do not normally propagate 
throughout the length of the fiber without large energy transfers to adjacent 
modes even when the fiber is exceptionally good quality and not strained or 
bent by its surroundings. This mode conversion is known as mode coupling or 
mixing. It is usually analyzed using coupled mode equations which can be 
obtained directly from Maxwell’s equations. However, the theory is beyond the 
scope of this text and the reader is directed to Ref. 17 for a comprehensive 
treatment. Mode coupling affects the transmission properties of fibers in 
several important ways: a major one being in relation to the dispersive 
properties of fibers over long distances. This is pursued further in Sections 
3.7-3.10. 
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2.4 STEP INDEX FIBERS 


The optical fiber considered in the previous sections with a core of constant 
refractive index and a cladding of a slightly lower refractive index «2 's 
known as step index fiber. This is because the refractive index profile for this 
type of fiber makes a step change at the core-cladding interface as indicated in 
Fig. 2.21 which illustrates the two major types of step index fiber. The refrac 
live index profile may be defined as: 



{ 


n^r < a 
nyf > a 


(core) 

(cladding) 


(2.73) 


in both cases. 

Figure 2,21(a) shows a multimode step index fiber with a core diameter of 
around 50|im or greater, which is large enough to allow the propagation of 
many modes within the fiber core. This is illustrated in Fig. 2,21(a) by the 
many different possible ray paths through the fiber. Figure 2.21(b) shows a 
single mode or monomode step index fiber which allows the propagation of 
only one transverse electromagnetic mode (typically HEn), and hence the core 
diameter must be of the order of 1.10 pm. The propagation of a single mode is 
illustrated in Fig. 2.21(b) as corresponding to a single ray path only (usually 
shown as the axial ray) through the fiber. 





L' 



C!;tddms 
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The single mode step index fiber has the distinct advantage of low inter 
modal dispersion (broadening of transmitted light pulses), as only one mode is 
transmitted, whereas with multimode step index fiber considerable dispersion 
may occur due to the differing group velocities of the propagating modes (see 
Section 3.9). This in turn restricts the maximum bandwidth attainable with 
multimode step index fibers, especially when compared with single mode 
fibers. However, for lower bandwidth applications multimode fibers have 
several advantages over single mode fibers. These arc: 

(a) The use of spatially incoherent optical sources (e.g. most light emitting 
diodes) which cannot be efficiently coupled to single mode fibers; 

(b) Larger numerical apertures, as well as core diameters, facilitating easier 
coupling to optical sources; 

(c) Lower tolerance requirements on fiber connectors. 


2.4.1 Multimode Step Index Pibara 

Multimode step index libers allow the propagation of a finite number of guided 
[ modes along the channel The number of guided modes is dependent upon the 
t physical parameters (i.e. relative refractive index difference, core radius) of the 
I fiber and the wavelengths of the transmiued light which are included in the 
normalized frcqucnc)^ for the fiber. It was indicated in Section 2.3,6 that 
there is a cutoff value of normalized frequency for guided modes below 
which they cannot exist. However, mode propagation does not entirely cease 
below cutoff. Modes may propagate as unguided or leaky modes which can 
travel considerable distances along the fiber. Nevertheless it is the guided 
modes w hich are of paramount importance in optical fiber communications as 
these are confined to the fiber over its full length. It can be shown I Ref. 161 
that the total number of guided modes or mode volume for a step index 
fiber is related to the V value for the fiber by the approximate expression: 

Af. (2.74) 

which allows an e.s(imatc of the number of guided modes propagating in a 
particular multimode step index fiber. 


Example 2.4 

A multimode step index fiber with a core diameter of 80|ini and a relative index 
difference of 1.5% Is operating at a wavelength of 0.85 pm. If the core refractive 
index is 1.48. estimate: (a) the normalized frequency for the fiber; (b) the number of 
guided modes. 

So/ution. (a) The normalized frequency maybe obtained from Eq, (2,70) where: 




OPTICAL FIBER WAVEGUIDES 


45 


2ti , 2nx40 X 10 ® X 1.48 

I/-— an\ |2A)’ -z— “ {2 x 0.015)* 

X 0 85x 10“® 

- 75.8 

(b) The total number of guided modes Is given by Eq. (2 74) af> 

5745.6 

^ — - 

2 2 

2873 

Hence this fiber has a V number of approximately 76 giving nearly 3000 guided 
modes. 


Therefore as illuslraied in example 2.4, the optical power is launched into a 
large nuinber of guided modes each having different spatial field distributions, 
propagation constants* etc. In an ideal multimode step index fiber with 
properties (Lc. relative index difference, core diameter) which arc independent 
of distance, there is no mode coupling, and the optical pc^wer launched into a 
particular mode remains in that mode and travels independently of the power 
launched into the other guided modes. Also the majority of these guided modes 
operate far from cutoff, and are well confined to the fiber core I Ref. 16). Thus 
most of the optical power is carried in the core region and not in the cladding. 
The properties of the cladding (e.g. thickness) therefore do not significantly 
affect the propagation of these modes. 

2.4.2 Single Mode Step Index Fiber* 

The advantage of the propagation of a single mode within an optical fiber is 
that the signal dispersion caused by the delay diHcrences between dilTerenl 
modes in a multimode fiber may be avoided (see Section 3.9). Muiiimode step 
index fibers do not lend themselves to the propagation of a single mode due to 
the difficulties of maintaining single mode operation within the fiber when 
mode conversion (i.c. coupling) to other guided modes takes place at both 
input mismatches and fiber imperfections. Hence for the transmission of a 
single mode the fiber must be designed to allow propagation of only one mode, 
whilst all other modes are attenuated by leakage or absorption. 

Following the previous discussion of multimode fibers this in ay be achieved 
through choice of a suitable normalized frequency for the liber. For single 
mode operation, only the fundamental LP^, mode can exist. Hence the limit of 
single mode operation depends on the lower limit of guided propagation for the 
LPii mode. The cutoff normalized frequency for the LPn mode occurs at 
V. « 2,405 (see Section 2.3.6). Thus single mode propagation of the LPn] 
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mode is possible over the range: 

0 < K < 2.405 (2.75) 

as there is no cutoff for the fundamenlai mode. It must be noted that there are 
in faci two modes with orthogonal polarization over this range, and the term 
single mode applies to propagation of light of a particular polarization. 
Also, it is apparent that the normalized frequency for the fiber may be 
adjusted to within the range given in Eq. (2.75) by reduction of the core radius, 
and possibly the relative refractive index difference following Eq. (2.70). 


Example 2.6 

Estimate the maximum core diameter for an optical fiber with the same relative 
refractive index difference (1.6%) and core refractive index (1.48) es the fiber given 
in example 2.4 in order that it may be suitable for single mode operation. It may be 
assumed that the fiber i$ operating at the same wavelength Further, 

estimate the now maximum core diameter for single mode operation when the rela¬ 
tive refractive index difference is reduced by a factor of ten. 

Solution', Considering the relationship given in Eq, (2.75), the maximum 1/value 
for a fiber which gives single mode operation is 2,4 Hence from Eq. (2,70) the core 
radius a Is; 


Vi. 2.4 > 0.85 X 10 ® 

2«n, (2A)' 2« X 1.48 x (0.031^ 

* 1.3 pm 

Therefore the maximum core diameter for single mode operation is approximately 
2.6 ^m. 

Reducing the relative refractive index difference by a factor of 10 and again using 
Eq, (2.70) gives. 

2-4 X 0.86 X 10"® 

a®-; 4.0 pm. 

2n X 1.48 X (0.003) > 

Hence the maximum core diameter for single mode operation is now approxlmaiely 
8 pm. 


It is clear from example 2.5 that in order to obtain single mode operation 
with a maximum V number of 2.4 the single mode fiber must have a much 
smaller core diameter than the equivalent multimode step index fiber (in this 
case by a factor of 32). However, it is possible to achieve single mode opera¬ 
tion with a slightly larger core diameter, albeit still much less than the diameter 
of multimode step index fiber, by reducing the relative refractive index 
difference of the fiber. Both these factors create difficulties with single mode 
fibers. The small core diameters pose problems with launching light into the 
fiber and with field jointing, and the reduced relative refractive index difference 
presents difficulties in the fiber fabrication process. 
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A further problem with single mode fibers with low relative refractive index 
differences and low V values is that the electromagnetic field associated with 
the Ll’iu mode extends appreciably into the cladding. For instance, with V 
values less than 1.4, over half the modal power propagates in the cladding 
iRef. 201. Thus the exponentially decaying evanescent field may extend sig¬ 
nificant distances into the cladding. It is therefore essentia! that the cladding is 
of a suitable thickness, and has low absorption and scattering losses in order to 
reduce attenuation of the mode. Estimates IRcf. 211 show that .the necessary 
cladding thickness is of the order of 50 jim to avoid prohibitive losses (greater 
than 1 dB km”') in single mode fibers, especially when additional losses result 
ing from microbending (see Section 4.6.2) arc taken into account. Therefore 
the total fiber cross section for single mode fibers is of a comparable size to 
multimode fibers. 

Another approach to single mode fiber design which allows the V value to 
be increased above 2.405 is the W fiber IRef. 231. The refractive index profile 
for this fiber is illustrated in Fig. 2.22 where two cladding regions may be 
observed. Use of such two step cladding allows the loss threshold between the 
desirable and undesirable modes to be substantially increased. The funda¬ 
mental mode will be fully supported with small cladding loss when its propaga¬ 
tion constant lies in the range kn^ < P < kn,. 

If the undesirable higher order modes which are excited or converted to 
have values of propagation constant p < Atj, , they will leak through the barrier 
layer between a, and Oj (Fig. 2.22) into the outer cladding region n,. Conse¬ 
quently these modes will lose power by radiation into the lossy surroundings. 
This design can provide single mode fibers with larger core diameters than the 
conventional single cladding approach which proves u.scful for easing jointing 
difficulties, W fibers also tend to give reduced losses at bends in comparison 
with conventional single mcnle fibers. 





. RvJut tSiUaiVvi; Ifvi't 
core axil 


No. 1.82 The rtfractlve Index profile for the single mode W fiber. 
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2.5 GRADED INDEX FIBERS 


•Graded index fibers do not have a constant refractive index in the core* but a 

decreasing core index /i(r) with radial distance from a maximum value at 

✓ 

^he axis to a constant value be>'ond the core radius a in the cladding. This 
>index variation may be represented as: 



«,(1 - IMr/drr 

«, (1 - 2A)’ = 


r < a (core) 
r ^ a (cladding) 


(2.76) 


where A is the relative refractive index difference and a is the profile parameter 
which gives the characteristic refractive index protlle of the fiber core. Equa 
tion (2.76) which is a convenient method of expressing the refractive index 
profile of the fiber core as a variation of a allows representation of the step 
index profile when a = co. a parabolic profile when a--2 and a triangular 
profile when a = I. This range of refractive index profiles is illustrated in Fig. 
2.23. 

The graded index profiles which at present produce the best results for multi¬ 
mode optical propagation have a near parabolic refractive index profile core 
with a ^2, Fibers with such core index profiles are well established and conse¬ 
quently when the term 'graded index' is used without qualification it usually 
refers to a fiber with this profile. For this reason in this section we consider the 
waveguiding properties of graded index fiber with a parabolic refractive index 
profile core. 

/ A multimode graded index liber with a parabolic index profile core is 
/ filustraied in Fig. 2.24. It may be observed that the meridional rays shown 
''/appeaf to follow curved paths through the fiber core. Using the concepts of 




Fig. 2.23 


Possible fiber refractive index profiles for different values of a (given in Eq. 
i2.76)}. 


* Graded index fibers are therefore sometimes referred to as inhomogeneous core fibers. 
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Fig. 2.24 The refracttve index profile and ray transmission in a muttimode graded index 
fiber. 


gcomeiric optics, the gradual decrease in rcfraclive index from the center of the 
core creates many refractions of the rays as they are effectively incident on a 
large number of high to low index interfaces. This^tnechanism is illustrated in 
Fig. 2715 ^erVa’ray is s^ovvn to be gradually curved, with an ever-increasing 
angle of incidence, until the conditions fc^ total internal reflection arc met. and 
the .ray travels back towards the core axis, again being continuously refracted. 


Rvfrsciton 



Fig. 2.25 An expanded ray diagram showing refraction ai the various high to low index 
interfaces within a graded index fiber giving an overall curved ray path. 

Multimode graded index fibers exhibit far less inter modal dispersion (see 
Section 3.9.2) than multim ode step jndex fibers due to their refractive index 
profile. Although many dillerenl modes are excited in the graded index fiber, 
tfie^fTerent group velocities of the modes tend to be normalized by the index 
grading. Again considering ray theory, the rays travelling close to the fiber axis 
have shorter paths when compared with rays which travel into the outer 
regions of the core. However, the near axial rays are transmitted through a 
region of higher refractive index and therefore travel with a lower velocity than 
the more extreme rays. This compensates for the shorter path lengths and 
reduces dispersion in the fiber. A similar situation exists for skew rays which 
follow longer helical paths as illustrated in Fig. 2.26. These travel for the most 
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Fig. 2.26 A helical skew ray path within a graded indeK ni>er 


part in the lower index region at greater speeds; thus eiving the same 
mechanism of mode transit Umc cqualiealion. Hence multimode graded index 
fibers with parabolic or near parabolic index profile cores have transmission 
band widths which may be orders of magnitude greater than multimode step 
index fiber bandwidlhs. Consequently, although they are not capable of the 
bandwidths attainable with single mode fibers, such multimode graded index 
fibers have the advantage of large core diameters (greater than 30 jim) coupled 
with bandwidths suitable for long distance communication. 

The parameters defined for step index fibers (i.e. NA, A, y) may be applied 
to graded index fibers and give a comparison between the two fiber types. 
However, it must be noted that for graded index fibers the situation is more 
complicated since the numerical aperture is a function of the radial distance 
from the fiber axis. Graded index fibers, therefore, accept less light than 
corresponding step index fibers with the same relative refractive index 
difference. 

Electromagnetic mode theory may also be utilized with the graded profiles. 
Approximate field solutions of the same order as geometric optics are often 
obtained employing the WKB method from quantum mechanics after Wentzel, 
Kramers and Brillouin IRef. 241. Using the WKB method modal solutions of 
the guided wave arc achieved by expressing the field in the form: 

4- G,(r)e 1 ((2.77) 

\ sin 1^ I 

where G and S are assumed to be real functions of the radial distance r. 

Substitution of Eq. (2.77) into the scalar wave equation of the form given by 
Eq. (2.61) (in which the constant refractive index of the fiber core is 
replaced by n{r)) and neglecting the second derivative of G, (r) with respect to r 
provides approximate solutions for the amplitude function G, (r) and the phase 
function S(r). It may be observed from the ray diagram shown in Fig. 2.24 
that a light ray propagating in a graded index fiber does not necessarily reach 
every point within the fiber core. The ray is contained within two cylindrical 
caustic surfaces and for most rays a caustic does not coincide with the 
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core-cladding interface. Hence the caustics define the classical turning points 
of the light ray within the graded fiber core. These turning points defined by 
the two caustics may be designated as occurring at r=r| and r = r 2 . 

The result of the WKB approximation yields an oscillatory field in the 
region r, < /•< rj between the caustics where: 


(where D is an amplitude coeffidcnt) tmd 





(2.78) 

K 

~1 

(2.79) 


Outside the interval r, < r < the field solution must have an evanescent 
form. In the region inside the inner caustic defined by r < r, and assuming r, 
is not too close to r = 0, the field decays towards the fiber axis giving; 


G,(r) = - (nHr)^ - P^)r 

G;(r) = 0 

where the integer m is the radial mode number and 

dr 


(2.80) 

(2,81) 


/•r, Qf 

S{r)=jj \l^-{nHr)k^ - - 


(2,82) 


Also outside the outer caustic in the region r>/- 2 , the field decays away 
from the fiber axis and is described by the equations; 

G,(r) = De^-'yU^ - (n^ry - P^)r^ i’ (2.83) 


Gj(r) = 0 




(2.84) 


(2.85) 


The WKB method does not initially provide valid solutions of the wave 
equation in the vicinity of the turning points. Fortunately this may be amended 
by replacing the actual refractive index profile by a linear approximation at the 
location of the caustics. The solutions at the turning points can then be 
expressed in terms of Hanke) funedons of the first and second kind of order ^ 
I Ref. 25). This facilitates the joining together of the two separate solutions 
described previously for inside and outside the interval r^ < r< Thus the 
WKB theory provides an approximate eigenvalue equation for the propagation 
constant P of the guided modes which cannot be determined using ray theory. 
The WKB eigenvalue equation of which p is a solution is given by |Ref. 251: 


r 


KnH/-)** - |t — = (2m - 1) 

r 2 


( 2 . 86 ) 
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where the radial mode number m ^ 1, 2, 3 ... and determines the number of 
maxima of the oscillatory field in the radial direction. This eigenvalue equation 
can only be solved in a closed analytical form for a few simple refractive index 
profiles. Hence, in most cases it must be solved approximately or with the use 
of numerical techniques. 

Finally the amplitude coefficient O may be expre.sscd in terms of the total 
optical power within ihe guided mode. Considering the power carried 
between the turning points r, and gives a geometric opiics approximation of 
iRef. 281, 


where 



UiTia^l 


(2.87) 





( 2 , 88 ) 


The properties of the WKB solution may be observed from a graphical 
representation of the integrand given in Eq. (2.79). This is shown in Fig. 2.27 
together with the corresponding WKB solution. Figure 2.27 illustrates the 



Fig. 2.27 Graphical representation of the functions and ihai are 

important in Ihe WKB solution and which define the turning points r, and r^. 
Also shown is an example of the corresponding WKB solution for a guided 
mode where an oscillatory wave exists in the region between the turning 
points. 
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functions inHr)lr - P’) and (P/r). The two curves intersect at the turning 
points »• = r, and r = rj. The oscillatory nature of the WKB solution between 
the turning points (i.e. when P/r^ < iP{r)k^ - P^) which changes into a decay¬ 
ing exponential (evanescent) form outside the interval r, < r < rj (i.e. when 
Pfr^ > n^{r)k^ -P’) can also be clearly seen. 

It may be noted that a,s the azimuthal mode number / increases, the curve 
P/r- moves higher and the region between the two turning points becomes 
narrower. In addition, even when / is fixed the curve (n^(r)lP — p^) is shifted up 
and down with alterations in the value of the propagation constant p. 
Therefore modes far from cutoff which have large values of p exhibit more 
closely spaced turning points. As the value of P decreases below n, k. 
{n-{r)k‘ - P^) is no longer negative for large values of r and the guided mode 
situation depicted in Fig. 2.27 changes to one corresponding to Fig. 2.28. In 
this case a third turning point r=r. is created when r = a the curve 
(,r(r)k^ -p-) becomes constant, thus allowing the curve {/^) to drop below 
it, Now the Held displays an evanescent, exponentially decaying form in the 
region < r < as shown in Fig. Z.28. Moreover, for r>r 3 the field 
resumes an oscillatory behavior and therefore carries power away from the 
fiber core. Unless mode cutoff occurs at p = n,k the guided mode is no longer 
fully contained within the fiber core but loses power through leakage or tun¬ 
nelling into the cladding. This situation corresponds to the leaky modes 
mentioned previously in Section 2..^.6. 



Ffg. 2.2B Similar graphical representation as that illustrated in Fig. 2 .27. Here the curve 

no lortger goes negative and a third turning point occurs. This 
corresponds to leaKy mode solutions in the WKB method. 
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The WBK method may be used to calculate the propagation constants for 
the modes in a parabolic refractive index profile core liber where following Eq. 
(2.76); 


nHr) - rtf ^ 


) 


for r <a 


(2.89) 


Substitution of Eq. (2.89) into Eq. (2.86) gives; 



a 


r- 

7 


I- 


(rti + -On 


(2.90) 


The integral shown in Eq. (2.90) can be evaluated using a change of variable 
from y to w ' r\ The integral obtained may be found in a standard table of 
indetlnitc integrals I Ref. 291. As the square root term in the resulting expres¬ 
sion goes to ieroal the turning points (i.e. i -r, andr - »';). then we can write 


o(HiA- - p-) 

4u,k-^{2^ 



ti — (h 7 1 iln 


(2.91) 


Solving Eq. (2.9!) for p- gives: 




L 


I - 2 ^/(2A^ , . 

-- (2m > / 1 I 

ko 


] 


(2.92) 


It is interesting to note that the solution for the propagation constant for the 
various modes in a parabolic refractive index core fiber given in Eq. (2.92) is 
exact even though it was derived from the approximate WKB eigenvalue equa¬ 
tion (Lq. 2.86). However, although Eq. (2.92) is an exact solution of the scalar 
wave equation for an infinitely extended parabolic profile medium> the wave 
equation is only an approximate representation of Maxwell's equation. 
Furthermore, practical parabolic refractive index profile core fibers exhibit a 
truncated parabolic distribution which merges into a constant refractive index 
at the cladding. Hence Eq. (2.92) is not exact for real fibers. 

Equation (2.92) does, however, allow' us to consider the mode number plane 
spanned by the radial and azimuthal mode numbers m and I. This plane is 
displayed in Fig. 2.29 where each mode of the fiber described by a pair of 
mode numbers is represented a.s a point in the plane. The mode number plane 
contains guided, leaky and radiation modes. The mode boundary which 
separates the guided mode.s from the leaky and radiation modes is indicated by 
the solid line in Fig. 2.29. It depicts a constant value of p following Eq. (2.92) 
and occurs when p = W 2 A:. Therefore, all the points in the mode number plane 
lying below the line P = nik are associated with guided modes whereas the 
region above this line is occupied by leaky and radiation modes. The concept 
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of the mode plane allows us to count the total number of guided modes within 
the fiber. For each pair of mode numbers m and / the corresponding mode Held 
can have azimuthal mode dependence cos/^ or sin and can exist in two 
possible polarizations (see Section 3.12). Hence the modes are said to be 
fourfold degenerate.* If we define the mode boundary as the function m *=/(/) 
then the total number of guided modes M is given by: 


A/ = 4 




AOdi 


(2.93) 


as each representation point corresponding to four modes occupies an element 
of unit area in the mode plane. Equation (2.93) allows the derivation of the 
total number of guided modes or mode volume supported by the graded 
index fiber. It can be shown I Ref. 251 that: 


a 


M. -- -^n^kaYA 

^ a + 2 


(2.94) 


Furthermore, utilizing Eq. (2.70), ihe normalized frequency ^ for the fiber 
when A ^ 1 is approximately given by: 

^' = /t,M2A)^ (2.95) 

Substituting Eq. (2.95) into Eq. (2.94), we have: 


a 

~-r-r 

0 + 2 2 


(2.96) 





Rg. 2.29 


The mode number plane illustrating the mode boundary and the guided fiber 
modes, 


■ An exception lo this arc the modes that occur when / = 0 which arc only doubly degenerate 
ts eol becomes unity end sin vanishes. However, these modes represent only a small 
minority and therefore may be rreglected. 
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Hence for a parabolic refractive index profile core fiber (a — 2), ^ K^/4 

which is half the number supported by a step index fiber (a = co) with the same 
V value. 


Example 2.6 

A graaecj index fiber has a core with a parabolic refractive index profile which has a 
diameter of 50 The fiber has a numerical aperture of 0,2. Estitnaie the total 
number of guided modes propagating in the fiber when it is operating at a 
wavelength of 1 pm. 

Solution: Using Eq. (2.69). the normalized frequenev for the fiber is 

2n 2 h X 25 X 10 ^ X 02 

— afNA) *-T- 

\ 1x10® 


- 31.4 


The mode volume may be obiaincd from Eq. (2 96) where for a parabolic profile; 




986 

- 247 

4 


Hence the fiber supports approximaiely 247 gujded mcKles. 


Example 2.7 

A graded index fiber wilh a pdrdl>olic refractive index profile core ha^ a refractive 
index at the core axis of 1.5 and a relative ir>dex difference of 1%. Estimate the 
maximum possible core diameter which allows single mode operation at a 
wavelength of 1.3 iim. 

Solution'. Using Sq. <2.97) the maximum value of normalized frequency for single 
mode operation id 

V * 2.40 + 2/0)' * 2.4(1 4- Z'2»> 

* 2 .4v'2 

The maximum core radius may be obtained from Eq. (2-9SI where. 

t/x 2.4^2x13x10* 

2nn,(2AP 2it x 1.5 x (0.02) ' 
s 3.3 pm 

Hence (he maximum core diameter which allows single mode operation is 
approximately 6,6 pm. 


Graded index fibers may also be designed for single mode operation 
although there is no obvious advantage to this a$ in the step index case. 
However, it may be shown I Ref. 30| that the cutoff value of normalized fre¬ 
quency to support a single mode in a graded index fiber i$ given by: 


Vrixton COUMI 





s . 
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y, = 2.405 (1 + 2/a)^ (2.97) 

Therefore, as in the step index case, it is possible to determine the fiber 
parameters which give single mode operation. 

It may be noted that the critical value of normalized frequency for the 
parabolic profile graded index fiber is increased by a factor of \/2 on the step 
index case. This gives a core diameter increased by a similar factor for the 
graded index fiber over a step index fiber with the equivalent core refractive 
index (equivalent to the core axis index), and the same relative refractive index 
difference. 

The maximum K number which permits single mode operation can be 
increased still further when a graded index fiber with a triangular profile is 
employed. It is apparent from Eq. (2.97) that the increase in this case is by a 
factor of \/3 over comparable step index fiber. Hence significantly larger core 
diameter single mode fibers may be produced utilizing this index profile. Such 
fibers have recently generated some interest I Ref. 381 for use in single mode 
transmission at wavelengths of 1.55 pm: 


PROBLEMS 

2.1 Using simple ray theory, describe the mechanism for the transmission of light 
within an optica) fiber. Briefly discuss with the aid of a suitable diagram what 
is meant bv the acceptance angle for an optical fiber. Show how this is related 
to the fiber numerical aperture and the refractive indices for the fiber core and 
cladding. 

An optical fiber has a numerical aperture of 0.20 and a cladding refractive 
index of ).59. Determine: 

(a) chc acceptance angle for the fiber in water which has a refractive index of 
1.33; 

(b) the critical angle at the core-cladding interface. 

Comment on any assumptions made about the fiber. 

2.2 The velocity of light in the core of a step index fiber is 2.01 x 10^ m s-*, and 
the critical angle at the corc-cladding interface is 80'’. Determine the 
numerical aperture and the acceptance angle for the fiber in air, assuming il 
has a core diameter suitable for consideration by ray analysis. The velocity of 
light in a vacuum is 2.998 x lO^m s“‘. 

2.3 Define the rdativc refractive index diflcrCnce for an optica) fiber and show 
how il may be related to the numerical aperture. 

A step index fiber with a large core diameter compared with the wavelengtli 
of the tratismitled light has an acceptance angle in air of 22® and a relative 
refractive index difTerence of 3%. Estimate the numerical aperture and the 
critical angle at the core-cladding interface for the fiber. 

2.4 A step index fiber has a solid acceptance angle in air of 0.115 radians and a 
relative refractive index difference of 0.9%. Estimate the speed of light in the 
fiber core. 
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2.5 Briefly indicate wkh the aid of suits^le diagrams the difference between 
meridional and skew ray paths in step index fibers. 

Derive an expression for the acceptance angle for a skew ray which changes 
direction by an angle 3y at each reflection in a step index fiber in terms of the 
fiber NA and y. It may be assumed that ray theory holds for the fiber. 

A step index fiber with a suitably large core diameter for ray theory con¬ 
siderations has core and cladding refractive indices of 1.44 and 1.42 
respectively. Calculate the acceptance angle in air for skew rays which change 
direction by 150^ at each reflection. 

2.6 Skew rays are accepted into a large core diameter (compared to the 
wavelength of the transmitted light) stq> index fiber in air at a maximum axial 
angle of 42®. Within the fiber they change direction by 90® at each reflection. 
Determine the acceptance angle for meridional rays for the fiber in air. 

2.7 Explain the concept of electromagnetic modes in relation to a planar optical 
waveguide. 

Discuss the modifications that may be made to electromagnetic mode 
theory in a planar waveguide in order to describe optical propagation in a 
cylindrical fiber. 

2.8 Briefly discuss, with the aid of suitable diagrams, the following concepts in 
optical fiber transmission: 

(a) the evanescent field; 

(b) Goos-Haenchen shift; 

(c) mode coupling. 

Describe the effects of these phenomena on the propagation of light in optica) 
fibers. 

2.9 Define the normalized frequency for an optical fiber and explain its use in the 
determination of the numl^r of guided modes propagating within a step index 
fiber. 

A step index fiber in air has a numerical aperture of 0.16, a core refractive 
index of 1.45 and a core diameter of 60 pm. Determine the normalized fre¬ 
quency for the fiber when light at a wavelength of 0.9 pm is transmitted. 
Further, estimate the number of guided modes propagating in the fiber. 

2.10 Describe with the aid of simple ray diagrams: 

(a) (he multimode step index fiber; 

(b) the single mode step index fiber. 

Compare the advantages and disadvantages of these two types of fiber for use 
as an optical channel. 

2.11 A multimode step index fiber has a relative refractive index difTerence of 1% 
and a core refractive index of 1.5. The number of modes propagating at a 
wavelength of 1.3 pm is 1100. Estimate the diameter of the fiber core. 

2.12 A single mode step index fiber has a core diameter of 4 pm and a core refrac¬ 
tive index of 1.49. Estimate the sh«test wavelength of light which allows single 
mode operation when the relative refractive index difference for the fiber is 2%. 

In problem 2.12, it ts required to increase the fiber core diameter to 10 pm 
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whilst maintaining single inode operation al the same wavelength. Estimate the 
maximum possible relative refractive index difference for the Hber. 

2.14 Explain what is meant by a grad«l index optical fiber, giving an expression for 
the possible refractive index profile. Using simple ray theory concepts, discuss 
the transmission of light through the fiber. Indicate the major advantage of this 
type of fiber with regard to multimode propagation. 

2.15 The relative refractive index difference between the core axis and the cladding 
of a graded index fiber is 0.7% when the refractive index at the core axis is 
1.45. Estimate values for the numerical aperature of the fiber when: 

(a) the index profile is not taken into account; and 

(b) the index profile is assumed to be triangular. 

Comment on I he results. 

2.16 A multimode graded index fiber has an acceptance angle in air of 8'^. Estimate 
the relative refractive index difference between the core axis and the cladding 
when the refractive index al ihe core axis is 1.52. 

2.17 A graded index fiber with a parabolic index profile supports the propagation of 
742 guided modes. The fiber has a numerical aperture in air of 0.3 and a core 
diameter of 70 pm. Determine the wavelength of the light propagating In the 
fiber. 

Further estimaie the maximum diameter of the fiber which gives single 
mode operation at the same wavelength. 

2.18 A graded index fiber with a core axis refractive index of 1.5 has a 
characteristic index profile (a) of 1.90, a relative refractive index difference of 
1.3% and a core diameter of 40 pm. Estimate the number of guided modes 
propagating in the fiber when the transmitted light has a w^avelength of 
1.55 pm, and determine the cutoff value of the normalized frequency for single 
mode transmission in the fiber. 


Answera to Numorioal Problomi 


2.1 

(a) 8.6'-: (b) 93.6^ 

2.11 

92 pm 

2.2 

0.26. 15,2<’ 

2.12 

1.56 pm 

2.3 

0.37. 75.9® 

2.13 

0.32% 

2.4 

2,11 X 10* m s-' 

2.15 

(a) 0.172; (b) 0.171 

2.5 

34,6® 

2.16 

0.42% 

2.6 

28.2° 

2.17 

1.2 pm, 4.4 pm 

2.9 

33.5. 561 

2.18 

94, 3,45 
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3 

Transmission Characteristics of Optical 
Fibers 


3.1 INTRODUCTION 

The basic transmission mechanisms of the various types of optical liber 
waveguide have been discussed in Chapter 2. However, the factors which 
affect the performance ol optical fibers as a transmission medium were not 
dealt with in detail. These transmission characteristics are of utmost 
importance when the suitability of optical fibers for communication purposes 
is investigated. The transmission characteristics of most interest are those of 
attenuation (or loss) and bandwidth. 

The huge potential bandwidth of optical communications helped stimulate 
the birth of the idea that a dielectric waveguide made of glass could be used to 
carry wideband telecommunication signals. This occurred, as indicated in 
Section 2.1 in the celebrated papers by Kao and Hockham. and Wertsin 1966. 
However, at the time the idea may have seemed somewhat ludicrous as a 
typical block of glass could support optical transmission for at best a few tens 
of meters before it was attenuated to an unacceptable level, Nevertheless, 
careful investigation of the attenuation showed that it was largely due to 
absorption in the glass, caused by impurities such as iron, copper, manganese 
and other transition metals which occur in the third row of the periodic table, 
Hence, research was .stimulated on anew generation of'pure'glasses for use in 
optical fiber communications. 

A major breakthrough came in 1970 when the first fiber with an attenuation 
below 20 dB km’' was reported iRef. 11. This level of attenuation was seen as 
the absolute minimum that had to be achieved before an optical fiber system 
could in any way compete economically with existing communication systems. 
Since 1970 tremendous improvements have been made leading to fibers with 
losses of less than 1 dB km ' in the laboratory. Hence, comparatively low loss 
fibers have been incorporated into optical communication systems throughout 
the world. 

The other characteristic of primary importance is the bandwidth of the fiber. 
This is limited by the signal dispersion within the fiber, which determines the 
number of bits of information transmitted in a given lime period, Therefore. 
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once the attenuation was reduced to acceptable levels attention was directed 
towards the dispersive properties of fibers. Again this has led to substantial 
improvements giving wideband fiber bandwidths of tens of gigahertz over a 
number of kilometers |Ref. 2]. In order to appreciate these advances and 
possible future developments, the optical transmission characteristics of fibers 
must be considered in greater depth. Therefore in this chapter wc discuss the 
mechanisms within optical fibers which give rise to the major transmission 
characteristics mentioned previously (attenuation and dispersion), whilst also 
considering other perhaps less obvious effects when light is propagating down 
an optical fiber (modal noise and polarization). 

We begin the discussion of attenuation in Section 3.2 with calculation of the 
total losses incurred in optical fibers. The various attenuation mechanisms 
(material absorption, linear scattering, nonlinear scattering, fiber bends) are 
then considered in detail in Sections 3.3 to 3.6. Following this, in Section 3.7. 
dispersion in optical libers is described, together with the associated limitations 
on fiber bandwidth. Sections 3.8 and 3.9 deal with intramodal and inicrmodal 
dispersion mechanisms, prior to a discussion of overall fiber dispersion (in both 
multimode and single mode fibers) in Section 3.10. Modal noise in multimode 
optical fibers is then considered in Section 3.11. Finally. Section 3.12 presents 
a brief account of polarization within single mode optical fibers. 


3,2 ATTENUATION 

The attenuation or transmission loss of optical fibers has proved to be one of 
the most important factors in bringing about their wide acceptance in telecom¬ 
munications. As channel attenuation largely determined the maximum 
transmission distance prior lo signal restoration, optical fiber communications 
became especially attractive when the transmission losses of fibers were 
reduced below those of the competing metallic conductors (less than 
5 dB km“'). 

Signal attenuation within optical fibers, as with metallic conductors, is 
usually expressed in (he logarithmic unit of the decibel. The decibel which is 
used for comparing two power levels may be defined for a particular optical 
wavelength as the ratio of the input (transmitted) optical power P, into a fiber 
to the output (received) optical power from the fiber as: 

Pi 

number of decibels (dB) = 10 log,o — (3.1) 

This logarithmic unit has the advantage that the operations of multiplication 
and division reduce to addition and subtraction, whilst powers and roots 
reduce to multiplication and division. However, addition and subtraction 
require a conversion to numerical values which may be obtained using the 
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relationship: 



_ |Q(dB,'IO) 


(3.2) 


In optical fiber communications the attenuation is usually expressed in 
decibels per unit length (i.e. dB knr') following: 


P, 

o,Bi. = I01og,o— (3.3) 

where a^B is the signal aUenuation per unit length in decibels and L is the fiber 
length. 


Example 3.1 


When the meen opiic^l power launched into an 8 km length of fiber is 1 20 4 W, tiie 
mean optical power at tho tiber output is 3>iW 
Determine; 

(a) the overall signal attenuation or loss in decibels through the fiber essuminq 
there are no connectors or splices: 

(b) the signal attenuaiion per kilometer for iha fiber. 

{cl the overall signal atlenuaiion for a lOkm optirial link using the same fiber with 
splices at 1 km intervals each giving an attenuation of 1 dB; 

(d) the numerical Input/output power ratio in (c|. 

Solution: (a) Using Eq. (3.1), ilieoverali signal atconuation in decibels rhroufjh tfie 
fiber is: 

. P, 120kI0-» 

Signal eitenuaiion lOlog,^-* 10 log..-- 

^0 3x10“® 

10 log,o 40 « 16-0 d 8 

(b) The sigr^al atfenuation per kilometer for the fiber may be simply ubtfiined by 
dividing the result in (a) by the fiber length which corresponds using Eq. {3.3) wliere, 

> 16.0 dB 

hence, 


16.0 

®dB - 

8 

- 2.0 dBkm-' 

(c) As 2 dB km“\ the loss Incurred along lOkn of the fitmi is L 7 iven by 

2 X 10 - 20 dB 

However, the link also has nine splices (at 1 km intervals) each with an attenuation 
of 1 dB. Therefore, the loss due to the splices is 9 d 6 . 

Hence, the overall signal attenuation lor the link is: 


signal attenuation — 20 + 9 

- 29 dB 
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{cl> To obtain a numerical value for the inpui/outpul power ratio. E<(. (3 2) nv<v be 
used where: 

— = 794.3 

Po 


A number of mechanisms are responsible for the signal attenuation within 
optical Fibers. These mechanisms arc influenced by the material composition, 
the preparation and purification technique, and the waveguide structure. They 
may be categorized within several major areas which include material absorp¬ 
tion, material scattering (\intas and nonlinear scattering), curve and 
microbending losses, mode coupling radiation losses and losses due to leaky 
modes. There are also losses at connectors and splices as illustrated in example 

3.1. However, in this chapter we are interested solely in the characteristics of 
the Fiber; connector and splice losses are dealt with in Section 4.8. It is instruc¬ 
tive to consider in some detail the loss mechanisms within optical Fibers in 
order to obtain an understanding of the problems associated with the design 
and fabrication of low loss waveguides. 

3.3 MATERIAL ABSORPTION LOSSES 

Material absorption is a loss mechanism related to the material composition 
and the fabrication process for the fiber, which results in the dissipation of 
some of the transmitted optical power as heat in the waveguide. The absorp¬ 
tion of the light may be intrinsic (caused by the interaction with one or more of 
the major components of the glass) or extrinsic (caused by impurities within 
the glass). 

3.3.1 Intrinsic Absorption 

An absolutdy pure glass has little intrinsic absorption due to its basic material 
structure in the near infrared region. However, it does have two major intrinsic 
absorption mechanisms at optical wavelengths which leave a low intrinsic 
absorption window over the 0.8-1.7 pm wavelength range as illustrated in 
Fig. 3.1, which shows a possible optical attenuation against wavelength 
characteristic for absolutely pure glass IRef. 31. It may be observed that there 
is a fundamental absoiption edge, the peaks of which are centered in the 
ultraviolet wavelength region. This is due to the stimulation of electron transi¬ 
tions within the glass by higher energy excitations. The tail of this peak may 
extend into the window region at the shorter wavelengths as illustrated in Fig. 

3.1. Also in the infrared and far infrared, normally at wavelengths above 7 pm, 
fbndtmentals of absorption bands from the interaction of photons with 
molecular vibrations within the glass occur. These give absorption peaks which 
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>^av^lengtn (mxi) 

a? (Lh av J O 1.1 1.3 L? I ^ M) 



Fig. 3.1 The attenuation spectra for the intrinsic loss mechanisms in pure Ge02-Si02 
glass [Pel 31. 


again extend into the window region. The strong absorption bands occur due 
to oscillations of structural units such as Si—O (9.2 ^m), P—O (8.1 tim), 
B—O (7.2 pm) and Oe—0(11.0 urn) within the glass. Hence, above 1.3 pm 
the tails of these largely far infrared absorption peaks lend to cause most of the 
pure glass losses. 

However, the effects of both these processes may be minimized by suitable 
choice of both cc^e and cladding compositions. For instance in some nonoxide 
glasses such as fluorides and chlorides, the infrared absorption peaks occur at 
much longer wavelengths which are well into the far infrared (up to 50 pm) 
giving less ailenuaiion to longer wavelength transmission compared with oxide 
glasses. 


3.3.2 Extrinsic Absorption 

In practical optical fibers prepared by conventional melting techniques (see 
Section 4.3), a major source of s^nal attenuation is extrinsic absorption from 
transition metal element impurities. Some of the more common metallic 
impurities found in glasses are shown in the Table 3.1, together with the 
absorption losses caused by one part in lO’ [Ref. 4|. It may be noted that 
certain of these impurities namely chromium and copper in their worst valence 
state can cause attenuation in excess of 1 dB km"* in the near infrared region. 
Transition element contamination may be reduced to acceptable levels (i.e. one 
part in 10*^) by glass refining techniques such as vapor phase oxidation 
I Ref. 5] (see Section 4.4) which largely diminates the effects of these metaUic 
impurities. 
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Table 3.1 Absorption losses caused by some of the more 


common metallic Ion impurities in glasses together 
with the absorption peak wavelength 


Peak wavelength (nm) 

One part in 


625 

1.6 

C'* 

685 

0.1 

Cu*’ 

850 

1.1 


1100 

0.68 

Fe^*- 

400 

0.15 


650 

0.1 


460 

0.2 


725 

2.7 


However, another major extrinsic loss mechanism is caused by absorption 
due to water (as the hydroxyl or OH ion) dissolved in the glass. These 
hydroxyl groups are bonded into the glass structure and have fundamental 
stretching vibrations which occur at wavelengths between 2.7 and 4.2 
depending on group position in the glass network. The fundamental vibrations 
give rise to overtones appearing almost harmonically at 1.38, 0.95 and 
0.72 pm as illustrated in Fig. 3.2 (Ref. 6). This shows the absorption spectrum 
for the hydroxyl group in silica. Furthermore, combinations between the over¬ 
tones and the fundamental SiOj vibration occur at 1.24, 1.13 and 0.88 pm 
completing the absorption spectrum shown in Fig. 3.2. 

It may also be observed in Fig. 3.2 that the only significant absorption band 
in the region below a wavelength of 1 pm is the second overtone at 0.95 pm 
which causes attenuation of about I dB km*' for one part per million (ppm) of 



Pig. 3.2 The absorption spectrum for the hydroxyl tOHl group in silica. Reproduced with 
permission from D. B. Keck. K. D. Maurer and P.C. Schultz, App/. Rhys. Lett,, 22, 
p. 307, 1973. 
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Fig. 3.3 The meeeured altenualion spectrum for an ultra low loss single mode ^Iber 
{solid line) with the calculated attenuation spectra for some of the loss mechan¬ 
isms corrtribuiing to the overall fiber attenuatior {dashed and dotted lines) 
[Ref. 31. 

hydroxyl. At longer wavelengths the first overtone at 1.38 and its sideband 
at 1.24 iim are strong absorbers giving attenuation of about 2 dB knr^ ppm 
and 4 dB km'^ ppm respectively. Since most resonances are sharply peaked» 
narrow windows exist in the longer wavelength region around 1.3 and 1.55 |im 
which are essentially unaffected by OH absorption once the impurity level has 
been reduced below one part in 10^. This situation is illustrated in Fig. 3.3 
which shows the attenuation spectrum of an ultra low loss single mode fiber 
[Ref. 3]. It may be observed that the lowest attenuation for this fiber occurs at 
a wavelength of 1.55 and is 0.2 dB km**. This is approaching the mini¬ 
mum possible attenuation of around 0.18 dB km*' at this wavelength [Ref. 8]. 


3.4 LINEAR SCATTERING LOSSES 

Linear scattering mechanisms cause the transfer of some or all of the optical 
power contained within one propagating mode to be transferred linearly 
(proportionally to the mode power) into a different mode. This process tends to 
result in attenuation of the transmitted light as the transfer may be to a leaky 
or radiation mode which does not continue to propagate within the fiber core, 
but is radiated from the fiber. It must be noted that as with all linear processes 
there is no change of frequ^cy cxi scattering* 

Linear scattering may be categorized into two major types: Rayleigh and 
Mie scattering. Both result from the nonideal physical properties of the 
manufactured fiber which are diflicuh and in certain cases impossible to 
eradicate at present. 
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3.4.1 Rayleigh Scattering 

Rayleigh scattering is the dominant intrinsic loss mechanism in the low 
absorption window between the ullraviolrt and infrared absorption tails. It 
results from inhomogeneities of a random nature occurring on a small scale 
compared with the wavelength of the light. These inhomogeneities manifest 
themselves as refractive index fluctuations and arise from density and com¬ 
positional variations which are frozen into the glass lattice on cooling. The 
compositional variations may be reduced by improved fabrication, but the 
index fluctuations caused by the freezing-in of density inhomogeneities are 
fundamental and cannot be avoided. The subsequent scattering due to the 
density fluctuations, which is in almost all directions, produces an attenuation 
proportional to l/X** following the Rayleigh scattering formula [Ref. 91. For a 
single component glass this is given by: 




(3.4) 


where Yr is the Rayleigh scattering coefficient. \ is the optical wavelength, n is 
the refractive index of the medium, p is the average photoelastic coefficient, 
is the isothermal compressibility at a ficiive temperature Tp, and K is Boltz¬ 
mann’s constant. The fictive temperature is defined as the temperature at 
which the glass can reach a state of thermal equilibrium and is closely related 
to the anneal temperature. Furthermore, the Rayleigh scattering coefficient is 
related to the transmission loss factor (transmissivity) of the fiber following 
the relation IRef. 10]: 

j;_ = exp(-yRt.) (3.5) 

where L is the length of the fiber. It is apparent from Eq, (3.4) that the funda¬ 
mental component of Rayleigh scattering is strongly reduced by operating at 
the longest possible wavelength. This point is illustrated in example 3,2, 


Example 3.2 

Silica has an estimated fictive temperature of 1400K with an isothermal com¬ 
pressibility of 7 X 10“” m* N“* IRef. 11]. The refractive Index ami the photoelasTic 
coefficient for silica are 1,46 and 0.286 respectively (Ref. 111. Oetermir^e thH 
theoretical attenuation in decibels per kilometer due to the fundamental Rnylniuh 
scattering in silica at optical wavelengths of 0.63, 1.00 and 1.30 pm. Bollzmann s 
constant is 1.381 x 10““JK“V 

Solution: The Rayleigh scattering coefficient may be obtained From Eq. (3.4) for 
each wavelength. However, the only variable in each case is the wavelength ntid 
therefore the constant of proportionality of Eq. {3.4) applies in all oasev. Ht.’ncc* 


Yr * 


3V 
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248.15 X 20.65 X 0.082 x 7 x lO”'* x 1.381 x 10-^^ x 1400 


1.895 X 10-“ 


At a wavelength of 0.63 |im: 

1.895 X 10-“ 

Yr -^ 1.199 X lO-’fYi-’ 

0.158 X 10-*^ 

The transmission loss factor for one kilometer of fiber may be obtHined usinq En 
(3.5). 

Ckm * exp (-1-199 X 10'® x 10®) 

* 0-301 

The attenuation due to Rayleigh scattering in dBkin"^ may be obtained from 
6 q. (3.1) where: 

Attenuation » 10 Io9io d/Ckin) * 10 log to 3.322 

5.2 dB km-' 

At a wavelength of 1.00pm: 

T895 X 10'®® 

Yfl-1.896 X 10-* m-' 

10 -®^ 


Using Eq. (3.5)r 

Ckm = exp (-1-895 X lO-* X 10®) « exp (-0.1895) 

0.827 


and Eq. (3.1): 

Attenuation * 10 log,^ 1.209 * 0.8 d8 km‘* 
At a wavelength of 1.30 pm: 

1.895 X 10 “ 

Yr *-* 0.664 X 10-^ 

2.856 X 10-“ 


Using Eq. (3.5): 


and Eq. (3.1): 


exp (-0.664 X 10“^ X ICP) * 0.936 


Attenuation * 10 log^o 1 069 a 0.3 dB km-' 


The theoretical attenuation due to Rayleigh scattering in silica at 
wavelengths of 0.63, 1.00 and 1.30 fim, from example 3,2, is 5.2, 0.8 and 
0.3 dB km’^ respectively. These theoretical results are in reasonable agreement 
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with experimental work. For instance the lowest reported value for Rayleigh 
scattering in silica at a wavelength of 0.6328 pm is 3.9dBkm'' |Ref. 11]. 
However, values of 4.8 dB km ‘ IRef. 12] and 5.4 dB km'^ I Ref. 131 have also 
been reported. The predicted attenu^on due to Rayleigh scattering against 
wavelength is indicated by a broken line on the attenuation characteristics 
shown in Figs. 3.1 and 3.3. 

3.4.2 Mie Scattering 

Linear scattering may also occur at inhomogeneities which arc comparable in 
size to the guided wavelength. These result from the nonpcrfect cylindrical 
structure of the waveguide and may be caused by fiber imperfections such as 
irregularities in the core-cladding interface, core-cladding refractive index 
differences along the fiber length, diameter fluctuations, strains and bubbles. 
When the scattering inhomogeneiiy size is greater than VIO, the scattered 
intensity which has an angular dependence can be very large. 

The scattering created by such inhomogeneities is mainly in the forward 
direction and is called Mie scattering. Depending upon the fiber material, 
design and manufacture Mic scattering can cause significant losses. The 
inhomogeneities may be reduced by: 

(a) removing imperfections due to the glass manufacturing process; 

(b) carefully controlled extrusion and coating of the fiber; 

(c) increasing the fiber guidance by increasing the relative refractive index 
difference. 

By these means it is possible to reduce Mie scattering to insignificant levels. 

3.5 NONLINEAR SCATTERING LOSSES 

Optical waveguides do not always behave as completely linear channels whose 
increase in output optical power is directly proportional to the input optical 
power. Several nonlinear effects occur, which in the case of scattering cause 
disproportionate attenuation, usually at high optical power levels. This non¬ 
linear scattering causes the optical power from one mode to be transferred in 
either the forward or backward direction to the same, or other modes, at a 
different frequency. It depends critically upon the optical power density within 
the fiber and hence only becomes significant above threshold power levels. 

The most important types of nonlinear scattering within optical fibers are 
stimulated Brillouin and Raman scattering, both of which are usually only 
observed at high optical power densides in long single mode fibers. These 
scattering mechanisms in fact give opdcal gain but with a shift in frequency 
thus contributing to attenuation for light transmission at a specific wavelength. 
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However, it may be noted that such nonlinear phenomena can also be used to 
give optical amplification in the context of integrated optical techniques (see 
Section I L8.4). 

3.5.1 Stimulated Brillouin Scattering 

Brillouin scattering may be regarded as the modulation of light through 
Ihcnnal molecular vibrations within the fiber. The scattered light appears as 
upper and lower sidebands which are separated from the incident light by the 
modulation frequency. The incident photon in this scattering process produces 
a phonon* of acoustic frequency as-well as a scattered photon, This produces 
an optical frequency shift which varies with the scattering angle because the 
frequency of the sound wave varies with acoustic wavelength. The frequency 
shi(\ is a maximum in the backward direction reducing to zero in the forward 
direction making Brillouin scattering a mainly backward process. 

As indicated previously. Brillouin scattering i$ only significant above a 
threshold power density. Assuming the polarization state of the transmitted 
light is not maintained (see Section 3.12). it may be shown I Ref. 16] that the 
threshold power is given by: 

4.4 X V watts (3.6) 

where d and X are the liber core diameter and the operating wavelength 
respectively, both measured in micrometers, is the fiber attenuation in 
decibels per kilometer and v is the source bandwidth (i.c. injection laser) In 
gigahertz. The expression given in Eq. (3.6) allows the determination of the 
threshold optical power which must be launched into a monomodc optical 
fiber before Brillouin scattering occurs (see example 3,3). 

3.5.2 Stimulated Raman Scattering 

Stimulated Raman scattering is similar to stimulated Brillouin scattering 
except that a high frequency optical phonon rather than an acoustic phonon is 
generated in the scattering process. Also, Raman scattering occurs in the 
forward direction and may have an optical power threshold of up to three 
orders of magnitude higher than the Brillouin threshold in a particular fiber. 

Using the same criteria as those specified for the Brillouin scattering 
threshold given in Eq. (3.6), it may be shown [Ref. 16] that the threshold 
optical power for stimulated Raman scattering Fr m a long single mode fiber is 
given by: 


* The phonon is a quantum of an elastic wave in a crystal lattice. When the clastic wave has a 
frequency / (he quantized unit of the phonon haa energy joules, where h is Planck's con¬ 
stant. 
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/‘r ^ 5.9 X lOr^d^TdOaB watts (3.7) 

where d, X and arc as specified for Eq. (3.6). 


Example 3.3 

A long single mode optical fiber has ar> attenuation of O-Sdbknr* when operntinn nt 
a wavelength of 1.3 pm The fiber core diameter is 6 pm and the lyser snurci; 
bandwidth is 600 MH 2 . Compare the threshold optical powers for Ktimulaicd 
Brillooin and Raman scattering within the fiber at the wovelengili specified. 

Sofuiion' The threshold optical power for stimulated Brillouin scaitenng is given 
bv Eq. (3.6) as: 

Pb 4.4 X 

* 44 X 10-^ X $2 X 1.3* X 0.5 X 0.6 
80.3 imW 

The threshold optical power for stimulated Raman scattering may he ohtdinod 
from Eq, (3,7), where; 

Pr • 5.9 X lO-VXOrtB 

* 5.9 X 10”* X 6* X 1.3 X 0.5 

» 1 38 W 


In example 3.3, the Brillouin threshold occurs ai an optical power level of 
around 80 mW whilst ihe Raman threshold is approximately 17 times larger. 
It is therefore apparent that the losses introduced by nonlinear scattering may 
be avoided by use of a suitable optical signal level (i.e. working below the 
threshold optical powers). However, it must be noted that the Brillouin 
threshold has been reported I Ref. 171 as occurring at optical powers as low as 
10 mW in single mode fibers. Nevertheless, this is still a high power level for 
optical communications and may be easily avoided. Brillouin and Raman 
scattering are not usually observed in multimode fibers because their rclaiivcly 
large core diameters make the threshold optical power levels extremely high. 
Moreover it should be noted that the threshold optical powders for both these 
scattering mechanisms may be increased by sSuitable adjustment of the other 
parameters in Eqs. (3.6) and (3.7). In this context, operation at the longest 
possible wavelength is advantageous although this may be olTset by the 
reduced fiber attenuation (from Rayleigh scattering and material absorption) 
normally obtained. 

3.6 FIBER BEND LOSS 

Optical fibers suffer radiation losses at bends or curves on their paths. This is 
due to the energy in the evane.scent field at the bend exceeding the velocity of 
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Ka.lidtii)!) 


Fig. 3.4 An illusualion ol the radiation loss at a fiber bend. The part of the mode in the 
cladding outside the dashed arrowed line may be required to travel faster than 
the velocity of light in order to maintain a plane wavefront. Since it cannot do 
this, the energy contained in this part of the mode is radiated away 


light in the cladding and hence the guidance mechantsm is inhibited, which 
causes light energy lo be radiated from the fiber. An illustration of this situa¬ 
tion is shown in Fig. 3.4. The part of the mode which is on the outside of the 
bend is required to travel faster than that on the inside so that a wavefront 
perpendicular to the direction of propagation is maintained, Hence part of the 
mode in the cladding needs to travel faster than the velocity of light in that 
medium, As this is not possible, the energy associated with this part of the 
mode is lost through radiation. The loss can generally be represented by a 
radiation attenuation eocfllcieni which has (he form iRef. 191: 


a, - c, txpi-c^R) 

where R is the radius of curvature of the fiber bend and C|, Ci arc constants 
which are independent of R. Furthermore, large bending losses lend to occur at 
a critical radius of curvature R^ which may be estimated from I Kef. 201: 






(3.8) 


It may be observed from the expression given in Eq. (3,8) that possible bending 
losses may be reduced by: 

(a) designing fibers with large relative refractive index differences; 

(b) operating at the shortest wavelength possible. 

Both these factors therefore have the effect of reducing the critical bending 
radius as illustrated in the following example. 
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Example 3.4 

Two step ir»dex fibers have the following characlerlstics: 

{a) A core refraciive index of 1.500 with a relative refractive index difference of 
0.2% and an operating wavelength of 1.56 pm. 

(b) A core refractive index the same as (a) but a relative refractive index difference 
of 3% and an operating wavelength of 0.82 prrr. 

Estimate the critical radius of curvature at which large bending losses occtu in both 
cases. 

So/utf'on' (a) The relative refractive index difference A is given by Eci Q 91 as 

A - 

2 "? 

* n? - 2A/)? * 2.250 0.004 x 2-250 

. 2.241 


Hence 


Using Eg. (3.8) for the critical radius of curvauire: 




3f>?X 


4«(r>? - 


3 X 2.250 X 1.55 < 10-« 
4n(0.009)’'’ 


•• 975 pm 

(b) Again, from Eg. (2.9): 

n| * /?? - 2A/t? * 2.250 0.06 x 2.250 

» 2.116 

Substituting into Eg> (3.8): 

3 X 2.250 X 0.82 x 10“« 

R ^ —... 


4iix (0.135)^ * 


^ 9 pm 


Example 3.4 shows that the critical radius of curvature for guided modes 
can be made extremely small {e.g. 9 \im\ although this may be in conflict with 
the preferred design and operational characteristics. Nevertheless for most 
practical purposes, the critical radius of curvature is sufficiently small (even 
when considering case (a) which characterizes a long wavelength single mode 
fiber, it is approximately I mm) to avoid severe attenuation of the guided 
mode(s) at fiber bends. However, modes propagating close to cutoff, w'hich arc 
no longer fully guided within the fiber core, may radiate at substantially larger 
radii of curvature. Thus it is essential that sharp bends, with a radius of 
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curvature approaching the critical radius, are avoided when optical fiber cables 
are installed. Finally, it is important that microscopic bends with radii of 
curvature approximating to the fiber radius are not produced in the fiber 
cabling process. These so-called microbends, which can cause significant 
losses from cabled fiber, arc discussed further in Section 4.6.2. 


3.7 DISPERSION 

Dispersion of the transmitted optical signal causes distortion for both digital 
and analog transmission along optical fibers. When considering the major 
implementation of optical fiber transmission which involves some form of 
digital modulation, then dispersion mechanisms within the fiber cause broaden¬ 
ing of the transmitted light pulses as they travel along the channel. The 
phenomenon is illustrated in Fig. 3.5 where it may be observed that each pulse 
broadens and overlaps with its neighbors, eventually becoming indistinguish¬ 
able at the receiver input. The effect is known as intersymbol interference (ISl). 
Thus an increasing number of errors may be encountered on the digital optical 
channel as the 1 SI becomes more pronounced. The error rate is also a function 
of the signal attenuation on the link and the subsequent signal to noise ratio 
(SNR) at the receiver. This factor is not pursued further here but is considered 
in detail in Section 10.6.3. However, signal dispersion alone limits the 
maximum possible bandwidth attainable with a particular optical fiber to the 
point where individual symbols can no longer be distinguished. 

For no overlapping of light pulses down on an optical fiber link the digital 
bit rate must be Im than the reciprocal of the broadened (through disper* 
sion) pulse duration (2 t). Hence: 

This assumes that the pulse broadening due to dispersion on the channel is t 
which dictates the input pulse duration which is also t. Hence Eq. (3.9) gives a 
conservative estimate of the maximum bit rale that may be obtained on an 
optical fiber link as I/2 t. 

Another more accurate estimate of the maximum bit rate for an optical 
channel with dispersion may be obtained by considering the light pulses at the 
output to have a Gaussian shape with an rms width of o. Unlike the 
relationship given in Eq. (3.9), this analysis allows for the existence of a certain 
amount of signal overlap on the channel, whilst avoiding any SNR penalty 
which occurs when intersymbol interference becomes pronounced. The 
maximum bit rate is given approximately by {see Appendix D): 

0,2 

B-r (max) a-bit s ^ 

0 


(3.10) 
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Fig. 3.5 An illustration using ihc digiial bit pattern 1011 of the broadening of light 
pulses as they are iransmittad along a fiber: (a) fiber input: (b) fiber output at a 
distance L,; ic) fiber output at a distance >L,. 

It must be noted that certain sources IRefs. 25, 261 give the constant term in 
the numerator of Eq. (3.10) as 0.25. However, wc take the slightly more con 
servative estimate given, following Olshansky I Ref. 9] and Gambling el al. 
IRef. 27]. Equation (3.10) gives a reasonably good approximation for other 
pulse shapes which may occur on the channel resulting from ihe various 
dispersive mechanisms within the fiber. Also a may be assumed to represent 
the rms impulse response for the channel as discussed further in Section 3.9.1. 

The conversion of bit rate to bandwidth in hertz depends on the digital 
coding formal used. For metallic conductors when a non return to zero code is 
employed, the binary one level is held for the whole bit period i. In this case 
there are two bit periods in one wavelength {i.e. two bits per second per hertz), 
as illustrated in Fig. 3.6(a), Hence the maximum bandw'idih B is one half the 
maximum data rate or 


UistinfjiiiabJc ^ubes 
I 0 i I 



V a Item 


IndbTinCUisluiU' |mIki 


No Z.TO J.'VUl 



liMcrvv incurreruiiu Util I 


Bt (max) = 2B 


(3.11) 
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Fig. 3.6 Schftmdtic illustration of the relationships of the bit rate to wavelength for 
digital codes: |o) r^or> return to zero (NRZ): (b) return to zero (RZ), 


However, when a return to zero code is considered as shown in Fig. 3.6(b), 
the binary one level is held for only part (usually half) the bit period. For this 
signalling scheme the data rale is equal to the bandwidth in hertz (i.e. one bit 
per second per hertz) and thus Bj = fi. 

The bandwidth B for metallic conductors is also usually defined by the 
electrical 3 dB points (i.c. the frequencies at which the electrical power has 
dropped to one half of its constant maximum value). How'ever, when the 3 dB 
optical bandwidth of a fiber is considered it is significantly larger than the 
corresponding 3 dB electrical bandwidth for the reasons discussed in Section 
7,4,3. Hence, when the limitations in the bandwidth of a liber due to dispersion 
are stated (i.e. optical bandwidth it is usually with regard to a return to 
zero code where the bandwidth in hertz is considered equal to the digital bit 
rate. Within the context of dispersion the bandwidths expressed in this chapter 
will follow this general criterion unless otherwise staled. However, as is made 
clear in Section 7.4.3, when elcctro-optical devices and optical fiber systems 
arc considered it is more usual to state the electrical 3 dB bandwidth, this being 
the more useful measurement when inteifacing an optical fiber link to electrical 
terminal equipment Unfortunately the terms of bandwidth measurement are 
not always made clear and the reader must be warned that this omission may 
lead 10 some confusion when specifying components and materials for optical 
fiber communication svstems. 

Figure 3.7 shows the three common optical fiber structures, multimode 
step index, multimode graded index and single mode step index, whilst 
diagrammalically illustrating the respective pulse broadening associated with 
each fiber type. It may be observed that the multimode step index fiber exhibits 
the greatest dispersion of a transmitted light pulse and that the multimode 
graded index fiber gives a considerably improved performance. Finally, the 
single mode fiber gives the* minimum pulse broadening and thus is capable of 




TRANSMISSION CHARACTERISTICS OF OPTICAL FIBERS 


79 


the greatest transmission bandwidths which arc currently in the gigahertz 
range, whereas transmission via multimode step index liber is usually limited to 
bandwidth 5 of a few tens of megahertz. However, the amount of pulse broaden¬ 
ing is dependent upon the distance the pulse travels within the fiber and hence 
for a given optical fiber link the restriction on usable bandwidth is dictated by 
the distance between regenerative repeaters (i.e. the distance the light pulse 
travels before it is reconstituted). Thus the measurement of the dispersive 
properties of a particular fiber is usually stated as the pulse broadening in time 
over a unit length of the fiber (i.e. ns km"*). 

Hence, the number of optical ^gnal pulses which may be transmitted in a 
given period, and therefore the information-carrying capacity of the fiber is 
restricted by the amount of pulse dispersion per unit length, in the absence of 
mode coupling or filtering, the pulse broadening increases linearly with fiber 
length and thus the bandwidth is inversely proportional to distance. This leads 
to the adoption of a more useful parameter for the information-carrying 


Multimode Hxlux fiber 
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Input pa]«e 
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Mulilmotle graded li)dvx Jlber 
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No. S.7 Schematic diagram showing a multimode step »r>dex fiber, multimode graded 
index fiber and single mode step Index fiber, and illustrating the pulse broaden¬ 
ing due to intermodel dleperalon In each fiber type. 
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capacity of an optical fiber which is known as the bandwidth-length product 
(i.e. X Z.). The typical best bandwidtb-^ength products for the three fibers 
shown in Fig. 3.7, are 20 MHz km, 1 Ghz km and 100 GHz km for multimode 
step index, multimode graded index and single mode step index fibers 
respectively. 


Example 3.5 

A multimode graded index fiber extiibits total pulse broadening of 0.1 pR over a 
distar\ce of 15 km. Estimate: 

(a) the maximum possible bandwidth on the link assuming no intersymbol 
interference: 

(b) the pulse dispersion per unit length: 

(c) the bendwidth-ler^gth product for the liber. 

Solution: (8) The maximum possible optical bandwidth which is equivalent to thn 
maximum possible bh rale {for return to zero pulses) assuming no I SI may be 
obtained from Eq. (3.9). where* 

1 1 

— *-- 5 MHz 

2t 0,2 XIO-^ 

(b) The dispersion per unit length may be acquired simply by dividing the total 
dispersion by the toial length of ihe fiber 

0.1 X 10-^ 

dispersion .. -* 6.67 ns km“* 

15 

(c) The bendwidlh-length product may be obtained in two ways. Fifstly by simply 
mu It! plying the maximum bandwidth for the fiber link by its length. Henoo; 

8 op«^ * ^ X 16 km 75 MH? km 

Alternatively it may be obtained from the dispersior^ per unit length using Eq. 
(3.9) where: 


1 

B^.L -*75 MHz km 

2 X 6.67 X 10'^ 


In order to appreciate the reasons for the different amounts of pulse 
broadening within the various types of optical fiber, it is necessary to consider 
the dispersive mechanisms involved. These include material dispersion, 
waveguide dispersion, intcrmodal dispersion and profile dispersion which are 
considered in the following sections. 


3.8 INTRAMODAL DISPERSION 

Intramodal or chromatic dispersion may occur in all types of optical fiber and 
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results from the finite 5;peclral line width of the optical source. Since optical 
sources do not emit just a single frequency but a band of frequencies (in the 
case of the injection laser corresponding to only a fraction of a per cent of the 
center frequency, whereas for the LED ii is likely to be a significant 
percentage), then there may be propagation delay differences between the 
different spectral components of the transmitted signal. This causes broaden¬ 
ing of each transmitted mode and hence intramodal dispersion. The delay 
differences may be caused by the dispersive properties of the waveguide 
material (material dispersion) and also guidance effects within the fiber 
structure (waveguide dispersion). 


3.8.1 Material Dispersion 

Pulse broadening due to material dispersion results from the different group 
velocities of the various spectral components launehed^into the fiber from the 
optical source. It occurs when the phase velocity of a plane wave propagating 
in the dielectric medium varies nonlincarly with wavelength, and a material is 
said to exhibit material dispersion when the second differential of the refractive 
index with respect to wavelength is not zero (i.c. ^0). The pulse 

spread due to material dispersion may be obtained by considering the group 
delay in the optical fiber which is the reciprocal of the group velocity 
defined by Eqs. (2.37) and (2.40). Hcncc the group delay is given by: 


dp 1 / d/7, \ 

L =-= — I - X- ) 

* d(o e \ dX / 


(3.12) 


where n| is the refractive index of the core material. The pulse delay ti^ due to 
material dispersion in a fiber of length L is therefore: 


•in 




-K 


(in, 

dl 


) 


(3,13) 


For a source with rms spectral width and a mean wavelength X, the rms 
pulse broadening due to material dispersion o„, may be obtained from the 
expansion of Eq. (3.13) in a Taylor series about X where: 


dr 




m 


dX 


+ <h. 


2d-T, 

dX? 


(3,14) 


As the first term in Eq. (3.14) usually dominates, especially for sources operat¬ 
ing over the 0.8-0.9 pm wavelength range, then: 


dx, 


On, 


m 


dX 


(3.15) 
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Hence ihe pulse spread may be evaluated by considering the dependence of Xp, 
on X, where from Eq. (3.13): 

dx^ LX pdrt, d‘«, d/i, 
dX ~ 



-LX d‘/i| 

"7 dX^ 


(3.16) 


Therefore subsliluting Ihe expression obtained in Eq. (3.16) into Eq. (3.15). the 
rms pulse broadening due to material dispersion is given by: 


t 



o>.L 


d^«, 




(3.17) 


The material dispersion for optical fibers is sometimes quoted as a value for 
|Xnd*«)/dXO| OT simply |d-/i,/dX^|. 

However, it may be given in terms of a material dispersion parameter M 
which is defined as: 


Z. dX c 


d-M, 


dX^ 


and which ii? oHen expresi>ed in units of ps nm"' km' 


(3,18) 


Example 3.6 


A glass fiber exhibits maierial dispersion given by of 0,025, Derormlnr: 

the materiel dispersion parameter ai a wavelength of 0.85 pm. end estimate the rms 
pulse broadening per kilometer for a good LED source with «in rms specti el width of 
20 nm ot this wavelength. 

So/u[/on. The maierial dispersion perameter may be obtained from Eg. (3.18); 


X 

d*/), 

c 



1 

cX 






dX« 


0.025 

--S nm km 

2.998 X 10® X 850 
- 98.1 ps nm”' km”' 

The rms pulse broadening is given by Eq. (3.17) as: 


oxL tf Pf 



o 
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Therefore \n terms o( the material dispersion parameter M defined by Eq. (3.18): 

Hence, the rms pulse broadening per kilometer due to material dispersion: 

n km) = 20 X 1 x 98.1 x 10"'* = 1.96 ns km"' 


Figure 3.8 shows Ihe variation of the material dispersion parameter M with 
wavelength for pure silica |Ref. 28|. It may be observed that the material 
dispersion tends to zero in the longer wavelength region around 1.3 pm (for 
pure silica). This provides an additional incentive (other than low- attenuation) 
for operation at longer wavelengths where the material dispersion may be 
minimized. Also the use of an injection laser with a narrow spectral width 
rather than an LED as the optical source leads to a sub.stantial reduction in the 
pulse broadening due to material dispersion, even in the shorter wavelength 
region. 


MdU’ritO 

pextiinvVtr 
.•! I 



Fig. 3.8 The materidl dispersion parameter for silica as a function of wavelength. 
Reproduced with permission from D. N. Payne and W. A. Gambling, Ef^ctron. 
Leu.. 11. p. 176, 1975. 


Example 3.7 

Estimate the rms pulse broadenir>g per kilometer for the fiber in example 3.6 when 
the optical source used is ar^ ejection laser with a relative spectral wi<lth a^/X nf 
0,0012 at a wavelength of 0.85 |uti- 

Sofut/'on: The rms spectral width may be obtained from the relative spectml width 
by: 

ax = O.CX)12A. ^ 0,0012 x 0,85 x lO *® 

= 1.02 nm 

The rmt pulse broadening In terms of the material dispersion parameter following 
example 3,8 li given by- 
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Therefore the rms pulse broadenir>g per kilometer due to materi.il Hisporsion is: 

^ 02 X 1 X 98.1 X 10“’* = 0.10 ns km"’ 

Hence, in this example the rms pulse broadening Is reduced by a factor of around 
20 (i.e. equivalent to the reduced rms spectral width of the injection laser source) 
compared with that obtained with the LED source of example 3.6. 


3.8.2 Waveguide Dispersion 

The waveguiding of the fiber may also create inlramodal dispersion. This 
results from the variation in group velocity with wavelength for a particular 
mode. Considering the ray theory approach it is equivalent to the angle 
between the ray and the fiber axis varying with wavelength which subsequently 
leads to a variation in the transmission times for the rays, and hence disper- 
sioHj^For a single mode whose propagation constant is jj, the fiber exhibits 
waveguide dispersion when (d^p)/(dV)^0. Multimode fibers, where the 
majority of modes propagate far from culotT. are almost free of waveguide 
dispersion and it is generally negligible compared with material dispersion 
(ftO.1-0.2 ns km ‘) [Ref. 281. However, with single mode fibers where the 
effects of the different dispersion mechanisms arc not easy to separate, 
waveguide dispersion may be significant (see Section 3.10.2). 


3.9 INTERMODAL DISPERSION 

Pulse broadening due to intermodal dispersion (sometimes referred to simply 
as modal or mode dispersion) results from the propagation delay diflerences 
between modes within a multimode fiber. As the different modes which con¬ 
stitute a pulse in a multimode fiber travel along the channel at different group 
velocities, the pulse width at the output is dependent upon the transmission 
times of the slowest and fastest modes. This dispersion mechanism creates the 
fundamental difference in the overall dispersion for the three types of fiber 
shown in Fig. 3.7. Thus multimode step index fibers exhibit a large amount of 
intermodal dispersion which gives the greatest pulse broadening. However, 
intermodal dispersion in multimode fibers may be reduced by adoption of an 
optimum refractive index profile which is provided by the near parabolic 
profile of most graded index fibers. Hence the overall pulse broadening in mul¬ 
timode graded index fibers is far less than that obtained in multimode step 
index fibers (typically by a factor of 100). Thus graded index fibers used with a 
multimode source give a tremendous bandwidth advantage over multimode 
step index fibers. 

Under purely single mode operation there is no intermodal dispersion and 
therefore pulse broadening is solely due to the intrantodal dispereion 
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mechanisms. In theory this is the case with single mode step index fibers where 
only a single mode is allowed to propagate. Hence they exhibit the least pulse 
broadening and have the greatest possible bandwidths, but may only be 
usefully operated with single mode sources. 

In order to obtain a simple comparison for intermodal pulse broadening 
between multimode step index and multimode graded index fibers it is useful to 
consider the geometric optics picture for the two types of fiber. 


3.9.1 Multimode Step Index Fiber 

Using the ray theory model, the fastest and slowest modes propagating in the 
step index fiber may be represented by the axial ray and the extreme 
meridional ray (which is incident at the corc-cladding interface at the critical 
angle ifj respectively. The paths taken by these two rays in a perfectly 
structured step index fiber are shown in Fig. 3.9. The delay dillerence between 
these two rays when travelling in the fiber core allows estimation of the pulse 
broadening resulting from intermodal dispersion within the fiber. As both rays 
are travelling at the same vclocily within the constant refractive index fiber 
core then the delay difference is directly related to their respective path lengths 
within the fiber. Hence the time taken for the axial ray to travel along a fiber of 
length L gives the minimum delay time 


distance L Lut 

vclocily (c//i() c 


(3.19) 


where n\ is the refractive index of the core and c is the vclocily of light in a 
vacuum. 

The extreme meridional ray exhibits the maximum delay lime where: 


/' — 
’ Mu 


L/cos 9 


c/w. 


ccos 6 


(3.20) 



figilii The pithi taken by the exial ray and an extrame meridional ray in a perfect 
muitlmede attp Index fibar. 
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Using Snell's law of refraction at the core-cladding interface following Eq. 

( 2 . 2 ): 


sin 4 ., 


n-, 

— — cos 0 


( 3 . 21 ) 


where is the refractive index of the cladding. Furthermore, substituting into 
Eq. (3.20) for cosS gives: 

L/i? 

7 ’„„=— ( 3 - 22 ) 

Cfli 

The delay di(Terence 5r^ between the extreme meridional ray and the axial 
ray may be obtained by subtracting Eq. (3.19) from Eq. (3.22). Hence: 



Ln] Ltti 
VfU c 


Ln] 

etty 



Ln}& 

erty 


when A < 1 


(3.23) 

(3.24) 


where A is the relative refractive index difference. However, when A < I, then 
from the definition given by Eq. (2.9), the relative refractive index difference 
may also be given approximately by: 







(3,25) 


Hence rearranging Eq. (3.23): 

( 3 . 26 ) 

C ^2 C 


Also substituting for A from Eq. (2.10) gives: 



L(NAy 

2n,c 


(3.27) 


where NA is the numerical aperture for the fiber. The approximate expressions 
for the delay difference given in Eq. (3.26) and (3.27) are usually employed to 
estimate the maximum pulse broadening in time due to intermodal dispersion 
in multimode step index fibers. It must be noted that this simple analysis only 
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considers pulse broadening due to meridional rays and totally ignores skew 
rays with acceptance angles > 0^ (see Section 2.2,4). 

Again considering the perfect step index fiber, another useful quantity with 
regard to intermodal dispersion on an optical fiber link is the rms pulse 
broadening resulting from this dispersion mechanism along the fiber. When the 
optical input to the fiber is a pulse Pi(f) of unit area, as illustrated in Fig. 3.10, 
then I Ref. 31J: 

I 7>,(;)d/=l (3.28) 

It may be noted that p,U) has a constant amplitude of 1/87; over the range 

-er, 87. 


The rms pulse broadening at the fiber output due to intermodal dispersion 
for the multimode step index fiber o. {i.e. the standard deviation) may be given 
in terms of the variance as (sec Appendix B): 

0^ s - M] (3.29) 

where is the first temporal moment which is equivalent to the mean value 
of the pulse and the second temporal moment is equivalent to the mean 
square value of the pulse. Hence: 






(3,30) 


and 


A/,= r 

•^-05 


pXDdt 


(3.31) 


67 . 



I 

I 

67 . 


0 


I 

I 

67, 


Time (/) 


mg. 8.10 


An Illustration oi the light Input to the multimode step Index fiber consisting of 
•n Idael pulaa or rectfrrgular function with unit area. 
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The mean value A/, for the unit input pulse of Fig. 3.10 is zero, and assum¬ 
ing this is maintained for the output pulse, then from Eqs. (3.29) and (3.31): 


J *€0 

ffyXf)dt (3.32) 

-OD 

Integrating over the limits of the input pulse (Fig. 3.10) and substituting for 
/),(/) in Eq. (3.32) over this range gives: 



I r /’ 1 / 6r, y 

L 3 ”312/ 

Hence substituting from Eq. (3.26) for ST. gives: 

Z,«iA L(NA)2 

Equation (3.34) allows estimation of the rms impulse response of a multi¬ 
mode step index fiber if it is assumed that intermodal dispersion dominates and 
there is a uniform distribution of light rays over the range 0 < 6 < 0„. The 
pulse broadening is directly proportional to the relative refractive index 
difference A and the length of the fiber L. The latter emphasizes the 
bandwidth-length trade-off that exists, especially with multimode step index 
fibers, and which inhibits their use for wideband long haul (between repeaters) 
systems. Furthermore, the pulse broadening is reduced by reduction of the 
relative refractive index difference A for the fiber. This suggests that weakly 
guiding fibers (see Section 2.3.6) with small A are best for low dispersion 
transmission. However, as may be seen from Eq. (3,34) this is also subject to a 
trade-off as a reduction in A reduces the acceptance angle 0^ and the NA. thus 
worsening the launch conditions. 


(3,33) 


(3.34) 


Example 3.8 

A 6 km optical Imk consists off muttimode step index fiber with a core refractive 
Index of 1.5 arxi a relative reffractive Index difference of 1%. Estimate: 

(a) the delay difference between the slowest and fastest modes ai the fiber output: 

(b) the rms pulse broadening due to intermodal dispersion on the link: 

(c) the maximum brt rate that may be obtairted without substantial errors on the link 
assuming only intermodal dispersion; 

(d) the bandwidth-length product corresponding to 

Solution: (ai The delay difference is given by Eq. (3.26) as: 
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Ln^A 6 X 10^ X 1.5 X 0.01 

57 ^-- 

c 2.998x10* 

= 300 ns 

ib) The rms pulse broadening due to intermodal dispersion may be obtained from 
Eg. (3,34) where: 

1 6x 10*x 1.5x0.01 
2\/3e 2y/Z 2.998x10* 

86.7 ns 

(c) The maximum bit rate may be estimated in two ways. Firstly, to get an idea of 
the maximum bit rate when assuming no pulse overlap Eq, (3 9) may be used where: 

1 1 1 

firlmax)*—-- 

2t 267, 600 X 10 • 

* 1.7 Mbit $-• 

Alternatively an improved estimate may be obtained using the calculated rms pulse 
broadening in Eq. (3.10) where: 

0.2 0 2 

$7 (max) *-- 

0, 86.7 X 10-« 

* 2.3 Mbit a-* 

(d) Using the most accurate esiimete of the ntaximum hit rate from (c), and 
assuming return to iero pulses, the bandwidth -length product is: 

X L 2.3 MH: x 6 km * 13 8 MHz km 

Intermodal dispersion may be reduced by propagation mechanisms within 
practical fibers. For instance, there is difTerential attenuation of the various 
modes in a step index fiber. This is due to the greater field penetration of the 
higher order modes into the cladding of the waveguide. These slower modes 
therefore exhibit larger losses at any core-cladding irregularities which tends 
to concentrate the transmitted optical power into the faster lower order modes. 
Thus the differential attenuation of modes reduces intermodal pulse broaden¬ 
ing on a multimode optical link. 

Another mechanism which reduces intermodal pulse broadening in non¬ 
perfect (i.e. practical) multimode fibers is the mode coupling or mixing 
discussed in Section 2.3,7, The coupling between guided modes transfers 
optical power from the slower to the faster modes and vice versa. Hence with 
strong coupling the optical power tends to be transmitted at an average speed, 
which is r mean of the various propagating modes. This reduces the inter- 
modal dispersion on the link and makes it advantageous to encourage mode 
coupling within multimode fibers. 
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The expression for delay diiTerence given in Eq. (3.26) for a perfect step 
index fiber may be modified for the fiber with mode coupling among all guided 
modes to [Ref. 32J: 


(3.35) 

c 

where is a characteristic length for the fiber which is inversely proportional 
to the coupling strength. Hence the delay difference increases al a slower rate 
proportional to (LL^)* instead of the direct proportionality to L given in Eq. 
(3.26). However, the most successful technique for reducing intermodal disper¬ 
sion in multimode fibers is by grading the core refractive index to follow a near 
parabolic profile. This has the effect of equalizing the transmission limes of the 
various modes as discussed in the following section. 


3.9.2 Multimoda Graded Index Fiber 


Intermodal dispersion in multimode fibers is minimized with the use of graded 
index fibers. Hence multimode graded index fibers show substantial bandwidth 
improvement over multimode step index fibers. The reason for the improved 
performance of graded index fibers may be observed by considering the ray 
diagram for a graded index fiber shown in Fig. 3.11. The fiber shown has a 
parabolic index profile with a maximum at the core axis as illustrated in Fig. 
3.11(a). Analytically, the index profile is given by Eq. (2.76) with a = 2 as: 


n(r) = w,(l - 2A(>'/a)^)^ r < a (core) 

= w,(l - 2A)^ = r > « (cladding) 


(3.36) 


Figure 3.11(b) shows several meridional ray paths within the fiber core. It 
may be observed that apart from the axial ray the meridional rays follow 
sinusoidal trajectories of dilTerent path lengths which result from the index 



Pig. 3.11 A multimode graded ir>dex fiber: (a) parabolic refractive index profile; 
(b) meridional ray paths within the fiber core. 






TRANSMISSION CHARACTERISTICS OF OPTICAL FIBERS 


91 


grading as was discussed in Section 2.5. However, following Eq. (2.40) the 
local group velocity is inversely proportional to the local refractive index and 
therefore the longer sinusoidal paths are compensated for by higher speeds in 
the lower index medium away from the axis. Hence there is an equalization of 
the transmission dmes of the various trajectories towards the transmission 
time of the axial ray which travels exclusively in the high index region at the 
core axis, and at the slowest speed. As these various ray paths may be con¬ 
sidered to represent the different modes propagating in the fiber, then the 
graded profile reduces the disparity in the mode transit times. 

The dramatic improvement in multimode fiber bandwidth achieved with a 
parabolic or near parabolic refractive index profile is highlighted by considera¬ 
tion of the reduced delay difference between the fastest and slowest modes for 
this graded index fiber bT^. Using a ray theory approach the delay difference is 
given by IRef. 331: 


6r,=e 


(NA)" 
2c ” 8«-!c 


(3.37) 


As in the step index case Eq. (2.10) is used for conversion between the two 
expressions shown. 

However, a more rigorous analysis using electromagnetic mode theory gives 
an absolute temporal width at the fiber output of iRef. 34, 351: 


5r.= 


8c 


(3,38) 


which corresponds to an increase in transmission time for the slowest mode of 
A^ /8 over the fastest mode. The expression given in Eq. (3,38) does not restrict 
the bandwidth to pulses with time slots corresponding to 57^ as 70% of the 
optical power is concentrated in the first half of the interval. Hence the rms 
pulse broadening is a useful parameter for assessment of intermodal dispersion 
in multimode graded index fibers. It may be shown [Ref. 351 that the rms pulse 
broadening of a near parabolic index profile graded index fiber o, is reduced 
compared to the similar broadening for the corresponding step index fiber o, 
(i.e. with the same relative refractive index difference) following: 




(3.39) 


D 


where £> is a constant between 4 and 10 depending on the precise evaluation 
and the exact optimum profile chosen. 

The best minimum theoretical intermodal pulse broadening for a graded 
index fiber with an optimum characteristic refractive index profile for the core 
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of IRefs. 35, 36j: 

12A 

is given by combining Eqs. (3.26) and (3.39) as (Refs. 27, 36): 

Lttx^ 

~ 20^3 c 


(3,40) 


(3.41) 


Example 3.9 


Compare the rms pulse broadening per kllomeler due to intermodal dispersion for 
the multimode step index fiber of example 3.8 with the corresponding rms pulse 
broadening for an optimum near paraboNc profile graded index fiber with the seme 
core axis refractive index end relative refractive index difference. 

Solution: In example 3.8. o,. over 6 km of fiber is 86,7 ns. Hence tho rms pulse 
broadening per kilometer for the multimode step index fiber is: 

Pj (1 km) 86-7 

-- - = I4.4nskm“* 

L 6 

Using Eq. (3.41), the rms pulse broadening per kilometer for the corresponding 
graded Index fiber la; 


in,A* 10^ X t .5 X (O.Otp 

Oq (1 km) - —*- 

20^/3 c 20y/3 X 2.998 X 10* 

* 14.4 ps km“' 


Hence, from example 3.9, the theoretical improvement factor of the graded 
index fiber in relation to intermodal pulse broadening is 1000. However, this 
level of improvement is not usually achieved in practice due to difficulties in 
controlling the refraaive index profile radially over long lengths of fiber. Any 
deviation in the refractive index profile from the optimum results in increased 
intermodal pulse broadening. This may be observed from the curve shown in 
Fig 3.12 which gives the variation in intermodal pulse broadening (er^) as a 
function of the characteristic refractive index profile a for typical graded index 
fibers (where A — I %). The curve displays a sharp minimum at a characteristic 
refractive index profile slightly less than 2 (o= 1.98). This corresponds to the 
optimum value of a in order to minimize intermodal dispersion. Furthermore, 
the extreme sensitivity of the intermodal pulse broadening to slight variations 
in a from this optimum value is evident. Thus at present improvement factors 
for practical graded index fibers over corr^ponding step index fibers with 
regard to intermodal dispersion are around 100 I Ref. 34 j. 

Another important factor in the d^ermination of the optimum refractive 
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Pig. 3.12 The intermoddi pul$e broadening for graded index fibers having S-^%. 
versus the characleristic refraelive index profile n. 

index profile for a graded index fiber is the dispersion incurred due to the 
difference in refractive index between the fiber core and cladding, It results 
from a variation in the refractive index profile with optical wavelength in the 
graded fiber and is often given by a profile dispersion parameter iA/dX. Thus 
the optimized profile at a given wavelength is not necessarily optimized at 
another wavelength. As all optical fiber sources (e.g. injection lasers and light 
emitting diodes) have a finite spectral width, the profile shape must be altered 
to compensate for this dispersion mechanism. Moreover the minimum overall 
dispersion for graded index fiber is also limited by the other intramodal disper¬ 
sion mechanisms (i.c. material and waveguide dispersion). These give temporal 
pulse broadening of around 0.08 and I ns km‘* with injection lasers and light 
emitting diodes respeaively. Therefore practical pulse broadening values for 
graded index fibers lie in the range 0.2-1 ns km"*. This gives bandwidth- 
length products of between 0.3 and 2.5 GHz km when using lasers 
and optimum profile fiber. 

3.10 OVERALL FIBER DISPERSION 
3.10.1 Multimode Fibers 

The overall dispersion in multimode fibers comprises both intramodal and 
intermodal terms. The total rms pulse broadening Oj is given (see Appendix C) 
by: 

Or = (.^ + (3,42) 

where o, is the intramodal or chromatic broadening and is the intermodal 
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broadening caused by delay differences between the modes (i.e. for multi- 
mode step index fiber and for multimode graded index fiber). The intra- 
modal term o, consists of pulse broadening due to both material and wave¬ 
guide dispersion. However, since waveguide dispersion is generally negligible 
compared with material dispersion in multimode fibers, then o, ~ o . 


Example 3.10 


A moltimode step index fiber has a numerical aperture of 0.3 and a core refractive 
index of 1.45. The material dispersion parameter for the fiber is 250 ps ertr’ km ’ 
which makes material dispersion the lotariy dominating iniramodal disoersion 
mechanism. Estimate (a) the total rms pulse broadening per kiloineier when ihe 
fiber is used with an LED source of rms spectral width 50 nm and (b) the 
corresponding bandwidth length product for the fiber. 

So/ution: (a) The rms pulse broadening per kilometer due to maierfal dispersion 
may be obtained from Eq. 13.17). where 


'rft 



d*n| 

C , 

dX* 




50 K I X 250 ps km“^ 


* 12-6 ns km”* 

The rms pulse broadening per kilometer due to infetmodal dispersion for the step 
index fiber is given by Eq, (3.34) ae. 


ilNAP 10’X 0.09 

Cj (1 km) os—• •-- 

4v/3 /),c 4v^3 X 1.45 X 2.998 x 10® 


* 29.9 ns km“* 

The total rms pulse broadening per kilometer may be obtained using Eq, (3.42), 

where as the waveguide dispersion is negligible and o.v * q, for the multi¬ 

mode step index fiber Hence: 


•• oi)’ - (12-5* + 29-9*) > 


- 32.4 ns km“* 


(b) The bandwidth-length product maybe estimated from the relationship Given 
in Eq. (3.10J where: ^ 

02 0.2 

fiopi ^ A *-*- - 

®r 32.4x10-® 


» 6.2 MHz km 


3.10.2 Single Mode Fibers 

The pulse broadening in single mode fibers is solely due to intramodal disper¬ 
sion as only a single mode is allowed to propagate. Hence the bandwidth is 
limited by the finite spectral width of the source. Unlike the situation in multi- 
mode fibers, the mechanisms giving intramodal dispersion in single mode fibers 
tend to be interrelated in a complex manner. The transit time or group delay t, 
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for a light pulse propagating along a unit length of fiber may be given as 
[Ref. 37]: 


1 dp 

c dk 


(3.43) 


where c is the velocity of light in a vacuum, P is the propagation constant for a 
mode within the fiber core of refractive index n^ and k is the propagation con¬ 
stant for the mode in a vacuum. 

The fiber exhibits intramodal dispersion when p varies nonlinearly with 
wavelength. From Eq. (2.71) p may be expressed in terms of the relative 
refractive index difference A and the normalized propagation constant b as: 

P - kn^\l - 2A(1 - b)\r (3.44) 

The rms pulse broadening caused by intramodal dispersion down a fiber of 
length L is given by the derivative of the group delay with respect to wave¬ 
length as IRef 27]: 


Total rms pulse broadening = CxL 


dXn 


dX 


C),L2n d^p 

cX^ di^ 


(3.45) 


where is the source rms spectral linewidih centered at a wavelength X. 

When Eq. (3.44) is substituted into Eq. (3.45), detailed calculation of the 
first and second derivatives with respect to k gives the dependence of the pulse 
broadening on the fiber materiars properties and the normalized propagation 
constant b. This gives rise to three interrelated effects which involve com¬ 
plicated cross-product terms. However, the final expression may be separated 
into three composite dispersion components in such a way that one of the 
effects dominates each term iRef. 38). The dominating effects are: 

(a) the material dispersion parameter defined by X/c\d^n/(iX^ \ where a? = 
or rij for the core or cladding respectively; 

(b) the waveguide dispersion parameter defined as Vd'{bV)/dy' where V is 
the normalized frequency for the fiber; 

(c) a profile dispersion parameter which is proportional to dA/dX. 

This situation is different from multimode fibers where the majority of 
modes propagate far from cutoff and hence most of the power is transmitted in 
the fiber core. In the multimode case the composite dispersion components 
may be simplified and separated into two intramodal terms which depend on 
either material or waveguide dispersion as was discussed in Section 3.8. Also, 
eipeoltlly when considering step index multimode fibers, the effect of profile 




96 


OPTICAL FIBER COMMUNICATIONS: PRINCIPLES AND PRACTICE 


dispersion is negligible. However, although material and waveguide dispersion 
tend to be dominant in single mode fibers, the composite profile dispersion 
term cannot be ignored. 

Figure 3.8 shows the material dispersion parameter for pure silica plotted 
against wavelength. It may be observed that this characteristic goes through 
zero at a wavelength of 1.27 pm. This zero material dispersion (ZMD) point 
can be shifted anywhere in the wavelength range 1.2—1.4 pm by the addition of 
suitable dopants IRef. 39]. For instance, the ZMD point shifts from L27 pm 
to approximately 1.37 pm as the Ge02 dopant concentration is increased from 
0 to 15%. However, the ZMD point (although of great interest in single mode 
fibers) docs not represent a point of zero pulse broadening since the pulse 
dispersion is influenced by both waveguide and profile dispersion. With zero 
material dispersion the pulse spreading is dictated by the waveguide parameter 
V<i‘^{bV)/<iV^ which is illustrated in Fig. 3.13 as a function of normalized fre¬ 
quency for the LPoi mode. It may be seen that in the single mode region where 
the normalized frequency is less than 2.405 (see Section 2.4.2) the waveguide 
dispersion is always positive and has a maximum at 1^ = 1.15. In this case the 
waveguide dispersion goes to zero outside the true single mode region at 
F = 3.0, However, a change in the fiber parameters (such as core radius) or in 
the operating wavelength alters the normalized frequency and therefore the 
waveguide dispersion. 

The total fiber dispersion which depends on both the fiber material composi¬ 
tion and dimensions may be minimized by trading off material and waveguide 
dispersion whilst limiting the profile dispersion (i.e. restricting the variation in 
refractive index with wavelength). The wavelength at which the first order 
dispersion is zero Xq may be selected in the range 1.3-2 ^tm by careful control 
of the core diameter and profile fRef. 381. This is illustrated in Fig. 3.14 which 



Fig. 3.13 The waveguide parameter as a function of the normalized 

frequency V for the LP^, mode, Reproduced with permission from W. A, 
Gambling, A. H. Hertog and C. M. RagdelSr The Radio and Blectron. Bng . 91, 
p. 313, 1981. 
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Fifl. 3.14 



The toui Vinx order intromodal dispersion as a function of 
linU mii fiber, with core dian^eters of 4, 5 

mission from W. A. Gambling. A. H. Hartog and C M. RagdalSr The Radio end 
Electron. Eng.. 61. P 313, 1981. 


shows the total first order dispersion as a function of wavelength for three 
single mode fibers with core diameters of 4, 5 and 6 pm. 

The effect of the interaction of material and waveguide dispersion on ^ is 

demonstrated in the dispersion against ' 

single mode silica core fiber shown in Fig. 3.15. It may be noted that the ZMD 
point occurs at a wavelength of 1.27 pm but that the infiuence of waveguide 
dispersion shifts the total dispersion minimum towards the longer wavelength 

ttivinfi a Xo of 1.32 uni. . , 

The wavelength at which the first order dispersion is zero may be 

extended to wavelengths beyond 1.55 pm by a combination of three tech- 
niques. These are: 

(a) lowering the normalized frequency (K value) for the fiber; 

(b) increasing the relative refracUve index dilTerence ^ for the fiber, 

(c) suitable doping of the silica with germanium. 

This should allow bandwidth-length products for single mode fibers in excess 
of 100 GHz km IRef. 40] at the slight disadvantage of increased attenuation 
due to Rayleigh scattering within the doped sUica. However, it must be noted 
that although there is zero first order dispersion at 7^, higher order 
effects impose limitations on the possible bandwidth for single mode fibers. At 
present these give a fundamental lower limit to pulse spreading m s.hca-based 
fibers of. for example, around 2.50 x 10-^ ps nm-' km-’ m fused silica at a 
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Fig. 3.16 Thd pulse dispersion as a hjnctior> oi wavelength In 11 km single mode fiber 
showing the major contributing dispersion mechanisms (dashed and dotted 
curves) and the overall total dispersion (solid curve) Reproduced with permis¬ 
sion from J. I. Yamada, M. Saruwatari. K. Asaiani, H. Tsuchiya. A. Kawana. K. 
Sugtyama and T. Kirnura, High speed optical pulse transmission at 1.29 fxm 
wavelength using low*loss single-mode fibers'. /fff 7. Qudntum Electron.. QE- 
14, p 791. 1978. Copyright ^ 1980. IEEE. 


wavelength of 1.273 |Ref. 411. These secondary effects such as birefrin¬ 
gence arising from ellipticity or mechanical stress in the fiber core are con¬ 
sidered further in Section 3.12. However, they may cause dispersion, especially 
in the case of mechanical stress of between 2 and 40 ps km ‘. If mechanical 
stress is avoided pulse dispersion around the lower limit may be obtained in the 
longer wavelength region (i.e. 1.3—1.7 pm). By contrast the minimum pulse 
spread at a wavelength of 0.85 |im is around 100 ps nm"' km"' |Ref. 33]. 


3.11 MODAL NOISE 

The intermodal dispersion properties of multimode optical fibers (see Section 
3.9) create another phenomenon which affects the transmitted signals on the 
optical channel. It is exhibited within the speckle patterns observed in multi* 
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mode fiber as fluctualions which have characteristic times longer than the 
resolution time of the detector, and is known as modal or speckle noise. The 
speckle patterns are formed by the interference of the modes from a coherent 
source when the coherence lime of the source in greater than the intermodal 
dispersion time ST vvilhin the fiber. The coherence time for a source with 
uncorrelated source frequency width Sfis simply i/&f. Hence, modal noise 
occurs when: 

(3.46) 

Disturbances along the fiber such as vibrations, discontinuities, connectors, 
splices and source/detector coupling may cause fluctuations in the speckle 
patterns and hence modal noise. It is generated when the correlation between 
two or more modes which gives the original interference is differentially 
delayed by these disturbances. The conditions which give rise to modal noise 
are therefore specified as: 

(a) a coherent source with a narrow spectral width and long coherence length 
(propagation velocity multiplied by the coherence time); 

(b) disturbances along the fiber which give differential mode delay or modal 
and spatial filtering; 

(c) phase correlation between the modes. 

Measurements [Ref. 461 of rms signal to modal noise ratio using good narrow 
linewidth injection lasers show large signal to noise ratio penalties under the 
previously mentioned conditions. The measurements were carried out by mis¬ 
aligning connectors to create disturbances. They gave carrier to noise ratios 
reduced by around iOdB when the attenuation at each connector was 20 dB 
due to substantial axial misalignment. 

Modal noise may be avoided by removing one of the conditions (they must 
all be present) which give rise to this degradation. Hence modal noise free 
transmission may be obtained by: 

(a) The use of a broad spectrum source in order to eliminate the modal 
interference effects. This may be achieved by either (i) increasing the width 
of the single longitudinal mode and hence decreasing its coherence time or 
(2) by increasing the number of longitudinal modes and averaging out of 
the interference patterns (Ref. 471. 

(b) In conjunction with (aX2) it is found that fibers with large numerical 
apertures support the transmission of a large number of modes giving a 
greater number of speckles, and hence reduce the modal noise generating 
effect of individual speckles I Ref. 48 J. 

(c) The use of single mode fiber which docs not support the transmission of 
different modes and thus there is no intermodal interference. 

(d) The removal of disturbances along the fiber. This has been investigated 
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with regard to connector design iRef. 491 in order to reduce the shift in 
speckle pattern induced by mechanical vibration and fiber misaiignmetil. 

Hence, modal noise may be prevented on an optical fiber link through suitable 
choice of the system components. However, this may not always be possible 
and then certain levels of modal noise must be tolerated. This lends to be the 
case on high quality analog optical liber links where multimode injection lasers 
are frequently used. Analog transmission is also more susceptible to modal 
noise due to the higher optical power levels required at the receiver when 
quantum noise effects are considered (see Section 9.2.5). Therefore it is 
important that modal noise is taken into account within the design considera¬ 
tions for these systems. 


3.12 POLARIZATION 

Cylindrical optical fibers do not generally maintain the polarization stale of the 
light input for more than a few meters, and hence for most applications invol¬ 
ving optical fiber transmission some form of intensity modulation (see Section 
7.5) of the optical source is utilized. The optical signal is thus detected by a 
photodiode which is insensitive to optical polarization or phase of the light 
wave within the fiber. Nevertheless, recently systems and applications have 
been investigated IRef. 521 (see Section 10.8) which do require the polarization 
states of the input light to be maintained over considerable distances, and 
fibers have been designed for this purpose. These fibers are single mode, and 
the maintenance of the polarization state is described in terms of a 
phenomenon known as modal birefringence. 


3.12.1 Modal Birafringanca 

Single mode fibers with nominal circular symmetry about the core axis allow 

the propagation of two nearly degenerate modes with orthogonal polarizations, 

They are therefore bimodal supporting HE[| and HE{j modes where the 

principal axes .v and y are determined by the symmetry elements of the fiber 

cross section. Thus the fiber behaves as a birefringent medium due to the 
% 

difference in the cfTeelivc refractive indices and hence phase velocities for these 
tv/o orthogonally polarized modes. The modes therefore have difTerent 
propagation constants and which are dictated by the anisotropy of the 
fiber cross section. When the fiber cross section is independent of the fiber 
length L in the z direction then the modal birefringence for the fiber is given 
by [Ref. 531, 


Bv^ 


(p, - p.) 
(2«/W 


(3.47) 


TRANSMISSION CHARACTERISTICS OF OPTICAL FIBERS 


101 


where X is the optical wavelength. Light polarized along one of the principal 
axes will retain its polarization for all L, 

The difference in phase velocities causes the fiber to exhibit a linear retarda¬ 
tion 0{z) which depends on the fiber length L in the z direction and is given by 
IRef. 53 


4Kz) = (P, - p,.)L 


(3.48) 


assuming that the phase coherence of the two mode components is maintained, 
The phase coherence of the two mode components is achieved when the delay 
between the two transit times is less than the coherence time of the source. As 
indicated in Section 3.11 the coherence time for the source is equal to the 
reciprocal of the uncorrclaied source frequency width (1/5/). 

It may be shown IRef. 54J that birefringenl coherence is maintained over a 
length of fiber Lf^ (i.e. coherence length) when: 




X- 


BfS/ 5p8X 


(3.49) 


where c is the velocity of light in a vacuum and 6X is the source lincwidth. 

However, when phase coherence is maintained (i.e. over the coherence 
length) Eq. 3.48 leads to a polarizarion sdatc which is generally elliptical but 
which varies periodically along the fiber This situation is illustrated in 
Fig. 3.16(a) IRef. 531 where the incident linear polarization which is at 45^ 
with respect to the x axis becomes circular polarization at <1> - n/2, and linear 
again at^ = n. The process continues through another circular polarization at 

= 3n/2 before returning to the initial linear polarization at The 

characteristic length corresponding to this process is known as the beat 
length. It is given by: 


Lfi — 


Sp 


(3.50) 


Substituting for By. from Eq. (3.47) gives: 




2 n 


(Px-P,) 


(3.51) 


It may be noted that Eq. (3.51) may be obtained directly from Eq. (3.48) 
where: 

<KLb) = (P, - P,)Lb = 2n (3.52) 

Typical single mode fibers are found to have beat lengths of a few 
centimeters (Ref. 551, and the effect may be observed directly within a fiber via 
Rayleigh scattering with use of a suitable visible source (e.g. He-Ne laser) 
[Ref. 36|. It appears as a series of bright and dark bands with a period 
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Ca> (b) 

Fig. 3.16 An Illustration of thabeat length in a single mode optical fiber [Ref. 53): id) the 
polerizatfon states against (b) the light intensity distribution over the beet 
length within the fiber. 


corresponding to the beat length as shown in Fig. 3.16(b). The modal birefrin¬ 
gence fi| may be determined from these observations of beat length, 


Example 3.11 

The beat length in a single mode optical fiber is 9 cm whan light from an injection 
laser with a spectral linewldth of 1 nm and a peak wavelength of 0.9 is launched 
into it. Determine the modal birefringence and estimate the coherence length In this 
situation. In addition, calculate the difference between the propagation constants for 
the two orthogonal modes and check the result. 

Solution: To find the modal birefringence Eq. (3.601 may be used where: 

X 0.9x10“^ 

ffp ^—*-= 1 X 10“' 

Lg 0.09 

Knowing B^, Eq. (3.49) may be used to obtain the coherence length: 

X* 0-81 X 10-« 

21--- 81 m 

epfix 10-'X 10-* 

The difference between the propagation constant for the two orthogonal modes 
may be obtained from Eq. (3.51) where. 

2ft 2it 

P,'Pk= — -= 69S 

Is 0.09 

The result may be checked by u^ng Epi 13.47) where; 
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2nBf 2nx10-* 


0.9 X 10-« 


69.8 


In a non perfect fiber various perturbations along the fiber length such as 
strain or variations in the fiber geometry and composition lead to coupling of 
energy from one polarization to the other. These perturbations are difficult to 
eradicate as they may easily occur in the fiber manufacture and cabling. The 
energy transfer is at a maximum when the perturbations have a period A, 
corresponding to the beat lengthy and defined by iRef. 52): 


A = 




(3.53) 


However, the cross-polarizing effect may be minimized when the period of 
the perturbations is less than a cutoff period Ac (around 1 mm). Hence 
polarization-maintaining fibers may be designed by either: 

(a) High (large) birefringence: the maximization of the modal birefringence, 
which following Eq. (3.50), may be achieved by reducing the beat length 
Lh to around I mm or less; or 

(b) Low (small) birefringence: the minimization of the polarization coupling 
perturbations with a period of A. This may be achieved by increasing Ay 
giving a large beat length of around SO m or more. 


Example 3.12 

Two poleriiatfon-maintdimng fibers operaiiog at a wavelengm of 1.3 have beat 
lengths of 0.7 mm end 80 m. Determine the modal birefringence in each case and 
comment on the results. 

Solution: Using Eq. 13.50). the modal bi re fringe r>ce is given by: 


Be « 


B 


Hence, for a beat length of 0.7 mm: 


1.3 X 10-* 

Sf sa-* 1.86 X 10-^ 

0.7 X ICH 


This typifies a high birefringence fiber. 
For a beat length of 80 m: 


Be » 


1.3 X 10 
80 


= 1.63 X 10-» 


which Indleitet a low birefringence fiber. 
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Techniques are being developed in order to produce both high and low 
birefringence fibers in'order to facilitate coherent optical fiber communication 
systems. Fibers may be made highly birefringent by deliberately inducing large 
asymmetric radial stress. This may be achieved through thermal stress by 
using materials with widely different expansion coefficients coupled with an 
asymmetrical elliptical structure. A linear polarization state has been 
maintained over a kilometer of fiber with an extinction ratio of 30 dB using this 
technique [Ref, 571. Further investigation of the optimal cross section 
geometry for high birefringence has suggested (Ref. 57] fiber core cross sec¬ 
tions shaped as a bow tie (bow tie fiber). 

To design low birefringence fibers it is necessary to reduce the possible 
perturbations within the fiber during manufacture. Therefore extreme care 
must be taken when jacketing and winding these fibers in order to reduce 
bands or twists that may contribute to birefringence. It is also necessary to use 
materials which minimize the thermal effects that may create birefringence. 
One technique used to minimize the temperature dependence of birefringence 
which has proved successful is to spin the fiber preform during manufacture 
I Ref. 581, This method, which reduces the linear retardation within the fiber, 
has produced fibers with no birefringent properties and variations in output 
polarization result only from fiber packaging. However, even with these low 
birefringence spun libers some form of polarization controller I Ref. 59! is 
necessary to stabilize the polarization state within the fiber. 


PROBLEMS 

3.1 The mean optical power launched into an optical fiber link is 1.5 mW and the 
fiber has an attenuation of 0.5 dB km Determine the maximum possible link 
length without repeaters (assuming lossless connectors) when the minimum 
mean optical power level required at the detector is 2 pW. 

3.2 The numerical input/output mean optical pow'er ratio in a 1km length of 
optical fiber is found to be 2.5. Calculate the received mean optical power 
when a mean optical power of I mW is launched into a 5 km length of the fiber 
(assuming no joints or connectors). 

3.3 A 15 km optical fiber link uses fiber with a loss of 1.5 dB km ^ The fiber is 
jointed every kilometer wth connectors which given an attenuation of 0.8 dB 
each. Determine the minimum mean optical power which must be launched 
into the fiber in order to maintain a mean optical power level of 0.3 pW at the 
detector. 

3.4 Discuss absorption losses in optical fibers comparing and contrasting Che 
intrinsic and extrinsic absorption mechanisms. 
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3.5 Brictly describe linear scatteriog losses in optical fibers wilh regard to: 

(a) Rayleigh scattering; 

(b) Mie scattering. 

The pholoclastic coefficient and the refractive index for silica arc 0.286 
and 1.4 6 respectively. Silica has an isothermal compressibility of 
7 X 10"'^ and an estimated ficuvc temperature of 1400 K. Determine 

the theoretical attenuation in decibels per kilometer due to the fundamental 
Rayleigh scattering in silica at optical wavelengths of 0.85 and l.SSfim, 
Boltzmann’s constant is 1.381 x 10“^^ J K. 

3.6 A KjO-SiO^ glass core optical fiber has an attenuation resulting from 
Rayleigh scattering of 0.46 dB km ' at a wavelength of I pm. The glass has an 
estimated llclivc temperature of 758 K, isothermal compressibility of 
8,4 X 10’^‘ m* N’*, and a photoelastic coefficient of 0.245- Determine from 
theoretical considerations the refractive index of the glass. 

3.7 Compare stimulated Brillouin and stimulated Raman scattering in optical 
fibers, and Indicate the way in which they may be avoided in optical fiber com¬ 
munications. 

The threshold optical powers for stimulated Brillouin and Raman scattering 
in a long 8 pm core diameter single mode fiber are found to be 190 mW and 
1.70 W respectively when using an injection laser source with a bandwidth of 
1 GHz. Calculate the operating wavelength of the laser and the attcnuiitlon in 
decibels per kilometer of the fiber at this wavelength. 

3.8 The threshold optical power for stimulated Brillouin scattering at a wavelength 
of 0.85 gm in a long single mode fiber using an injection laser source with a 
bandwidth of 800 MHz is 127 mW. The fiber has an attenuatjon of 2 dfi kin"' 
at this wavelength. Determine the threshold optical power for stimulated 
Raman scattering within the fiber at a wavelength of 0.9 pm assuming the fiber 
attenuation is reduced to 1.8 dB km ^ at this wavelength. 

3.9 Explain what is meant by the critical bending radius for an optical fiber. 

A single mode step index fiber has a critical bending radius of 2 mm when 
illuminated with light at a wavelength of 1.30 pm. Calculate the relative refrac¬ 
tive index difference for the fiber. 

3.10 A graded index fiber has a refractive index at the core axis of 1.46 wilh a 
cladding refractive index of 1.45. The critical radius of curvature which allows 
large bending losses to occur is 84 pm when the fiber is transmitting light of a 
particular wavelength. Determine the wavelength of the transmitted light. 

$.11 (a) A multimode step index fiber gives a total pulse broadening of 95 ns over a 

5 km length. Estimate the bandwidth-length product for the fiber when a non 
return to zero digital code is used. 

(b) A single mode step index fiber has a bandwidth-length product of 
10 GHz km. Estimate the rms pulse broadening over a 40 km digital optical 
link without repeaters consisting of the fiber, and using a return to zero code. 
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3.12 An 8 km optical fiber link withoul repeaters uses multimode graded index fiber 
which has a bandwidth-length product of 400 MHz km. Estimate: 

(a) the rota) pulse broadening on the link: 

(b) the rms pulse broadening on the link. 

It may be assumed chat a return to zero code is used. 

3.13 Briefly explain the reasons for pulse broadening due to material d'^oersion in 
optical fibers. 

The group delay in an optical fiber is given by: 


I / Xdfl, V 



where c is the velocity of light in a vacuum. /ti is the core refractive index and 
X is the wavelength of the iransmilied light. Derive an expression for the rms 
pulse broadening due to material dispersion in an optical fiber and define the 
material dispersion parameter. 

The material dispersion parameter for a glass fiber is 20 ps nm" km“' at a 
wavelength of 1.5 pm. Estimate the pulse broadening due to matenai disper¬ 
sion within the fiber when light is launched from an injection laser source with 
a peak wavelength of 1.5 pm and an rms spectral width of 2 nm into a ,^0 km 
length of the fiber. 

3.14 The material dispersion in an optical fiber defined by |d*/ri/d^^| is 4,0 x 
10"^ fim Estimate the pulse broadening per kilometer due to material dis¬ 
persion within the fiber when it is illuminated with an LED source with a peak 
wavelength of 0.9 \km and an rms spectral width of 45 nm. 


3.15 Describe the mechanism of micrmodal dispersion in a multimode step index 
fiber. 

Show chat the total broadening of a light pulse due to intermodul disper¬ 
sion in a multimode step index fiber may be given by: 



£(NA)^ 

2W|C 


where L is the fiber length, NA is the numerical aperture of the fiber, n , is the 
core refractive index and c is the velocity of light in a vacuum. 

A multimode step index fiber has a numerical aperture of 0.2 and a core 
refractive index of 1.47. Estimate the bandwidth-length product for the fiber 
assuming only inlcrmodal dispersion and a return to zero code when: 

(a) there is no mode coupling between the guided modes; 

(b) mode coupling between the guid^ modes gives a characteristic length 
equivalent to 0.6 of the actual fiber length. 

3.16 Using the relation for given in problem 3.15, derive an expression for 
the rms pulse broadening due to interxnodal dispersion in a multimode step 
index fiber. Compare this expression with a similar expression which may be 
obtained for an optimum near parabolic profile graded index fiber. 
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Estimate the bandwidth^eogth product for the step index Hber specified in 
problem 3.15 considering the rms pulse broadening due to intermodal disper¬ 
sion witliin the fiber and comment on the result Indicate the possible improve¬ 
ment in the bandwidth-^cnglh product when an optimum near parabolic 
profile graded index fiber with the same rclaUve refractive index difference and 
core axis refractive index is used. In both cases assume only intermodal disper¬ 
sion within the fiber and the use of a return to zero code. 

3.17 An II km optical fiber link consisting of optimum near parabolic profile 
graded index fiber exhibits rms intermodal pulse broadening of 346 ps oyer its 
length. If the fiber has a relative refractive index difference of 1.5%. estimate 
the core axis lefractlve index. Hence determine the numerical aperture for the 

fiber. 

3 18 A multimode, optimum near parabolic profile graded index fiber has a material 
dispersion parameter of 30 ps nm*' km"* when used with a good LED source 
of rms spectral width 25 nm. The fiber has a numerical aperture of 0.4 and a 
core axis refractive index of 1.48. Estimate the total rms pulse broadening per 
kilometer within the fiber assuming waveguide dispersion to be negligible. 
Hence estimate the bandwidth-length product for the fiber. 

3 19 A multimode step index fiber has a relative refractive index difference of 1% 
and a core refractive index of 1-46. The maximum optical bandwidth that may 
be obtained with a particular source on a 4.5 km link U 3.1 MHi. 

(a) Determine the rms pulse broadening per kilometer resulting from 
intramodal dispersion mcchanisms. 

(b) Assuming waveguide dispersion may be ignored, estimate the rms 
spectral width of the source used, if the material dispersion jjarameler 
for the fiber at the operating wavelength is 90psnm’ km’ . 

3 20 Discuss dispersion mechanisms with regard to single mode fibers indicating 
the dominating effects. Hence describe how intramodal dispersion may be 
minimized within the single-mode region. 

3.21 Describe the phenomenon of modal noise in optical fibers and suggest how it 
may be avoided. 

3.22 Explain what is meant by: 

(a) modal birefringence; 

(b) the beat length; 

in single mode fibers. .. i 

The difference between the propagation constants for the two orthogonal 

modes in a singie mode fiber is 250. It is illuminated with light of peak 
wavelength 1.55 pm from an injecuon laser source with a spectral line width ot 
0.8 nm. Estimate the coherence length within the fiber. 

5.23 A single mode fiber maintains birefringenl coherence over a length of 1^0 
when it is illuminated with an injection laser source with a spectral mewidth ot 
1.5 nm and a peak wavelength of 1.32 pm. Estimate the beat length within the 

fiber and comment on the result 
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Answers to NumoHcal Problems 


3.1 

57.5 km 

3.13 

1.2 ns 

3.2 

lO.O pW 

3.14 

5.4 ns km"^ 

3.3 

703 pW 

3.15 

(a) 11.0 MHz km; (b) 14.2 MHz 

3.5 

1.57 dB km~\ 0.14 dB km"* 


km 

3.6 

1.49 

3.16 

15.3 MHz km; improvement to 

3.7 

1.50 urn, 0.30 dB km’* 


10.9 GHz km 

3.6 

2.4 W 

3.17 

1.45, 0.25 

3.9 

0.17% 

3.18 

774 ps km’’, 258 MHz km 

3.10 

0.86 ^m 

3.19 

(a) 2.82 ns km"'; (b) 31 nm 

3.11 

(a) 13.2 MH? km; (b) 800 ps 

3.22 

48.6 m 

3.12 

(a) 10 ns; (b) 4 ns 

3.23 

113.6 m 
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optical Fibers, Cables and Connections 


4.1 INTRODUCTION 

Optical fiber waveguides and their transmission characteristics have been con¬ 
sidered in some detail in Chapters 2 and 3. However, we have yet to discuss 
the practical considerations and problems associated with the production, 
application and installation of optical fibers within a line transmission system. 
These factors arc of paramount importance if optical fiber communication 
systems are to be considered as viable replacements for conventional metallic 
line communication systems. Optical fiber communication Is of little use if the 
many advantages of optical fiber transmission lines outlined in the previous 
chapters may not be applied in practice in the telecommunications network 
without severe degradation of their performance. 

It is therefore essential that: 

(a) Optical fibers may be produced with good stable transmission charac¬ 
teristics in long lengths at a minimum cost and with maximum repro¬ 
ducibility. 

(b) A range of optical fiber types with regard to size, refractive indices and 
index profiles, operating wavelengths, materials, etc., be available in order 
to fulfill many difTerent system applications. 

(c) The fibers may be converted into practical cables which can be handled in 
a similar manner to conventional electrical transmission cables without 
problems associated with the degradation of their characteristics or 
damage. 

(d) The fibers and fiber cables may be terminated and connected together 
(jointed) without excessive practical difficulties and in ways which limit the 
effect of this process on the fiber transmission characteristics to keep them 
within acceptable operating levels. It is important that these jointing tech¬ 
niques may be applied with ease in the field locations where cable connec¬ 
tion takes place. 

In this chapter we therefore pull together die various practical elements 
associated with optical fiber communications. Hence the various methods for 
preparing optical fibers (both liquid and vapor phase) with characteristics suit¬ 
able for telecommunications applications are outlined in Sections 4.2 to 4,4. 
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This is followed in Section 4.5 with consideration of commercially available 
fibers describing in general terms both the types and iheir characteristics. The 
requirements for optical fiber cabling in relation to fiber protection are then 
discussed in Section 4.6 prior to consideration of cable design in Section 4.7. 
In Section 4.8 we deal with the losses incurred when optical fibers are con¬ 
nected together. This discussion provides a basis for consideration of the 
techniques employed for jointing optical fibers. Permanent fiber joints (or 
splices) arc then dealt with in Section 4.9 prior to discussion of the various 
types of demountable fiber connector in Sections 4.10 to 4.12. 


4.2 PREPARATION OF OPTICAL FIBERS 

From the considerations of optical waveguiding of Chapter 2 it is dear that a 
variation of refractive index inside the optical fiber (i.e. between the core and 
the cladding) is a fundamental necessity in the fabrication of fibers for light 
transmission. Hence at least two different materials which are transparent to 
light over the operating wavelength range (0.8-1.6pm) arc required. In 
practice these materials must exhibit relatively low optical attenuation and 
they must therefore have low intrinsic absorption and scattering losses. A 
number of organic and inorganic insulating substances meet these conditions 
in the visible and near infrared regions of the spectrum. 

However, in order to avoid scattering losses in excess of the fundamental 
intrinsic losses, scattering centers such as bubbles, strains and grain 
boundaries must be eradicated. This tends to limit the choice of suitable 
materials for the fabrication of optical fibers to either glasses (or glass-like 
materials) and monocrysialline sirocturex (certain plastics), 

It is also useful, and in the case of graded index fibers essentia), that the 
refractive index of the material may be varied by suitable doping whlh another 
compatible material. Hence these two materials should have mutual solubility 
over a relatively w ide range of concentrations. This is only achieved in glasses 
or glass-like materials, and therefore raonocrystalline materials arc unsuitable 
for the fabrication of graded index fibers, but may be used for step index 
fibers. However, it is apparent that glasses exhibit the best overall material 
characteristics for use in the fabrication of low loss optical fibers. They are 
therefore used almost exclusively in the preparation of fibers for telecom¬ 
munications applications. Plastic clad IRef. 1] and all plastic fibers find some 
use in short-haul, low bandwidth applications. 

In this section the discussion will therefore be confined to the preparation of 
glass fibers. This is a two stage process in which initially the pure glass is 
produced and converted into a form (rod or preform) suitable for making the 
fiber. A drawing or pulling technique is then employed to acquire the end 
product. The methods of preparing the extremely pure optical glasses generally 
fall into two major categories which are: 
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(a) conventional glass refining techniques in which the glass is processed in 
the molten state (melting methods) producing a multicomponent glass 
structure: 

(b) vapor phase deposition methods producing silica-rich glasses which have 
melting temperatures that are too high to allow the conventional melt 
process. 

These processes, with their respective drawing techniques, are described in the 
following sections. 

4.3 LIQUID PHASE (MELTING) TECHNIQUES 

The first stage in this process is the preparation of ultra pure material powders 
which are usually oxides or carbonates of the required constituents. These 
include oxides such as SiOj, GeO?, BjO^ and and carbonates such as 



F)e>4.1 Glaiimaklng furnace for the production of high puritv glasses [Ref. 4| 
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Fig. 4.2 High purity ^\dss melting using a radiofrequency induciion furnace [Refs. 6-81. 


Na 2 C 03 , K 2 CO 3 . CaCO^ and BaC 03 which will decompose into oxides 
during the glass melting. Very high initial purity is essential and purification 
accounts for a large proportion of the material cost: nevertheless these com¬ 
pounds are commercially avmlable with total transition metal contents below 
20 parts in 10^ and below 1 pari in 10^ for some specific impurities I Ref. 21. 
The purification may therefore involve combined techniques of fine filtration 
and coprecipitalion. followed by solvent extraction before recrystallization and 
final drying in a vacuum to remove any residual OH ions (Ref. 31. 

The next stage is to melt these high purity, powdered, low melting point 
glass materials to form a homogeneous, bubble-free multicomponent glass. A 
refractive index variation may be achieved by either a change in the composi¬ 
tion of the various constituents or by ion exchange when the materials are in 
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the molten phase. The melting of these multicomponent glass systems occurs 
at relatively low temperatures between 900 and 1300 and may take place 
in a silica crucible as shown in Fig. 4.1 iRef. 4]. However, contamination can 
arise during melting from several sources including the furnace environment 
and the crucible. Both fused silica and |datinum crucibles have been used with 
some success although an increase in impurity content was observed when the 
melt was held in a platinum crucible at high temperatures over long periods 
IRef. 51. 

Silica crucibles can give dissolution into the melt which may introduce 
inhomogcneilies into the glass especially at high melting temperatures. A 
technique for avoiding this involves melting the glass directly into a radio- 
frequency (RF approximately 5 MHz) induction furnace while cooling the 
silica by gas or water flow as shown in Fig. 4.2 [Refs. 6-8]. The materials are 
preheated to around 1000 where they exhibit sufllcient ionic conductivity 
to enable coupling between the melt and the RF field, The melt is also 
protected from any impurities in the crucible by a thin layer of solidified pure 
glass which forms due to the temperature difference between the melt and the 
cooled silica crucible. 

In both techniques the glass is homogenized and dried by bubbling pure 
gases through the melt, whilst protecting against any airborne dust particles 
either originating in the melt furnace or present as atmospheric contamination. 
After the melt has been suitably processed, it is cooled and formed into long 
rods (cane) of multicomponent glass. 

4.3.1 Fiber Drawing 

The traditional technique for producing fine optical fiber waveguides is to 
make a preform using the rod in tube process. A rod of core glass is inserted 
into a tube of cladding glass and the preform is drawn in a vertical muffle 
furnace as illustrated in Fig. 4.3 |Ref. 9]. This technique is useful for the 
production of step index fibers with large core and cladding diameters where 
the achievement of low attenuation is not critical as there is a danger of includ¬ 
ing bubbles and particulate matter at the core-cladding interface. 

Another technique which is also suitable for the production of large core 
diameter step index fibers, and reduces the core-cladding interface problems, 
is called the stratified melt process. This process, developed by Pilkington 
Laboratories [Ref. 101, involves pouring a layer of cladding glass over the core 
glass in a platinum crucible as shown in Fig. 4.4 [Ref. 111. A bait glass rod is 
dipped into the molten combination and slowly withdrawn giving a composite 
core—clad preform which may be then drawn into a fiber. 

Subsequent development in the drawing of optical fibers (especially graded 
index) produced by liquid phase techniques has concentrated on the double 
crucible method. In this method the core and cladding glass in the form of 
separate rods is fed into two concentric platinum crucibles as illustrated in 
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Fig. 4.3 Optical fiber from a preform [Ref. 9l. 


Fig. 4.5 [Ref. 4]. The assembly is usually located in a mufTIc furnace capable 
of heating the crucible contents to a temperature of between 800 and 1200 ®C. 
The crucibles have notzles in their bases from which the clad fiber is drawn 
directly from the melt as shown in Fig. 4.5. Index grading may be achieved 
through the diffusion of mobile ions across the core-cladding interface within 
the molten glass. It is possible to achieve a reasonable refractive index profile 
via this diffusion process, although due to lack of precise control it is not 
possible to obtain the optimum near parabolic profile which yields the 



Fig. 4.4 The stratified melt process tglass on glass technique} for producing glass clad 
rods or preforms [Ref. 11). 



i"i ^ 




OPTICAL FIBERS, CABLES AND CONNECTIONS 


117 


I wJ mils 


Si!iC 4 ICKt 


C crs' ylsiiv 



l-uniacv 


^ ^ - tiiuciolvr jngi li 

< oocin^ K'lth 


uwn 


WMiJiiiii oivctiiiie 


Fig. 4.6 The double crucible meihod for fiber drawing IRef 4]. 


minimum pulse dispersion (see Section 3.9.2). Hence graded index fibers 
produced by this technique are substantially less dispersive than step index 
fibers, but do not have the bandwidth-length products of optimum profile 
fibers. Pulse dispersion of 1—6 ns km*' IRels. 12, 131 is quite typical, depend¬ 
ing on the material system used. 

Some of the material systems used in the fabrication of multicomponent 
glass step index and graded index fibers are given in Table 4.1. 

Using very high purity melting techniques and the double crucible drawing 
method, step index and graded index fibers with attenuations as low as 
3.4dBkm-' [Ref. 14] and l.ldBkm"' |Ref. 2] respectively have been 
produced. However, such low losses cannot be consistently obtained using 
liquid phase techniques and typical losses for multicomponent glass fibers 
prepared continuously by these methods are between 5 and lOdBkm'. 
ThereforCi liquid phase techniques have the inherent disadvantage of obtaining 
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Table 4.1 Material systems used in the fabrication 

of multicomponent glass fibers by the double 


crucible technique 

Step Index 

Core glass 

Cladding glass 

Naj-B,0,-510, 

Na,-UO-CaO-$iO, 

Na,-CaO-GeO, 

TIjO-NfijO-BjOj-GeOj-BaO-CaO-SiO, 

N a ,0-B aO-GeO,-B,0, - SIO, 

P 3 0 j-G djOj-GeO, 

NajO-B^Oj-SiO, 

Na,0-U,0-Ca0-SI0 

Na,0-Ca0-Si0, 

Na|0-8,0,-Si0, 

Na,0-8jO,-SfO, 

P , 0 g—Ga ,0,-5 i 0 2 

Graded index 


Base glass 

DIKusion mechanism 

R ,0—G 6 0,* CaO” S i 0, 

RjO- 6 jO,-SiOj 

NsjO-BjOj-SiO, 

Naj0-B,0,-Si0, 

Na^^K* 

Na,0 diffusion 

CaO. BdO diffusion 


and maintaining extremely pure glass which limits their ability to produce low 
loss fibers. The advantage of these techniques is in the possibility of continuous 
production (both melting and drawing) of optical fibers. 


4.4 VAPOR PHASE DEPOSITION TECHNIQUES 

Vapor phase deposition techniques are used to produce silica-rich glasses of 
the highest transparency and with the optimal optical properties. The starting 
materials are volatile compounds such as SiCL,, GeCU, SiF 4 , BCl;,, Oj, BBr 3 
and POCij which may be distilled to reduce the concentration of most transi¬ 
tion metal impurities to below one part in 10 ’ giving negligible absorption 
losses from these elements. Refractive index modification is achieved through 
the formation of dopants from the nonsilica starting materials. These vapor 
phase dopants include T 1 O 2 , Ge 02 , P 2 O 5 , AI 2 O 3 , B 2 O 3 and F, the effects of 
which on the refractive index of silica are shown in Fig. 4.6 I Ref. 21. Gaseous 
mixtures of the silica-containing compound, the doping material and oxygen 
are combined in a vapor phase oxidation reaction where the deposition of 
oxides occurs. The deposition is usually onto a substrate or within a hollow 
tube and is built up as a stack of successive layers. Hence the dopant con¬ 
centration may be varied gradually to produce a graded index profile or 
maintained to give a step index profile. In the case of the substrate this directly 
results in a solid rod or preform whereas the hollow tube must be collapsed to 
give a solid preform from which the fiber may be drawn. 
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Fig. 4.6 The variation ir> the refractive index of silica using various dopants. Reproduced 
with permission Irom the publishers, Society of Glass Technology. Phys. Chem. 
GfQsses, 21. p. &. 1980. 


There are a number of variations of vapor phase deposition which have been 
successfully utilized to produce low loss fibers. The major techniques are 
illustrated in Fig, 4,7, which also indicates the plane (horizontal or vertical) in 
which the deposition takes place as well as the formation of the preform. These 
vapor phase deposition techniques fall into two broad categories: flame 
hydrolysis and chemical vapor deposition (CVD) methods. The individual 
techniques are considered in the following sections. 
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Pig. 4.7 Schematic illuatratlon of the vapor phase deposition techniques used In the 
preparation of low loss optical fibera. 
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4.4.1 Outside Vapor Phase Oxidation (OVPO) Process 

This process which uses flame hydrolysis stems from work on 'soot' processes 
originally developed by Hyde |Ref. 171 which were used to produce the first 
fiber with losses of less than 20 dB km“' |Ref. 181. The best known technique 
of this type is often referred to as the outside vapor phase oxidation process. In 
this process the required glass composition is deposited laterally from a 'soot' 
generated by hydrolyzing the halide vapors in an oxygen-hydrogen flame. 
Oxygen is passed through the sq^propriate silicon compound (i.e. SiClj) which 
is vaporized, removing any impurities. Dopants such as GeCh or TiCh are 
added and the mixture is blown through the oxygen^iydrogen flame giving the 
following reactions: 


and 


or 


heat 

SiC!4 + 2 H 2 O -- SiO, + 4HC1 

(vapor) (vapor) (solid) (gas) 


SiCU + Oj - SiOj + 20: 

(vapor) (gas) (solid) (gas) 


GeCl^ 

(vapor) 


-f O, 

(gas) 


heat 


GeO: + 2CI2 

(^Ikl) (gas) 


TiCl^ + ^ ^Clj 

(vapor) (gas) (solid) (gas) 


(4.1) 


(4.2) 

(4.3) 


(4.4) 


The silica is generated as a fine soot which is deposited on a cool rotating 
mandrel as illustrated in Fig. 4.8(a) [Ref. 191. The flame of the burner is 
traversed back and forth over the length of the mandrel until a sufficient 
number of layers of silica (approximately 200) are deposited on it. When this 
process is completed the mandrel is removed and the porous mass of silica 
soot is sintered (to form a glass body) as illustrated in Fig. 4.8(b). The preform 
may contain both core and cladding glasses by properly varying the dopant 
concentrations during the deposition process. Several kilometers (around 
10 km of 120 pm core diameter fiber have been produced [Ref. 21) can be 
drawn from the preform by collapsing and closing the central hole as shown in 
Fig. 4.8(c). Fine control of the index gradient for graded index fibers may be 
achieved using this process as the gas flows can be adjusted at the completion 
of each traverse of the burner. Hence fibers with bandwidth-length products 
as high as 3 GHz km have been achieved I Ref. 201 through accurate index 
grading with this process. 

The purity of the glass fiber depends on the purity of the feeding materials 


OPTICAL FIBERS, CABLES AND CONNECTIONS 


121 



<h) (e) 

Fig. 4.8 Schemetie diagram ol the OVPO process for the preparation of optical fibers: 
(a) soot deposition, (b) preform sintering; (cl fiber drawing iRef. 19l. 

and also upon the amount of OH impurity from the exposure of the silica to 
water vapor in the flame following the reactions given in Eqs, (4.1) to (4,4). 
Typically the OH content is between 50 and 200 parts per million and this 
contributes to the fiber attenuation. It is possible to reduce the OH impurity 
content by employing gaseous chlorine as a drying agent during sintering. This 
has given losses as low as 1 dBkm"' and I.SdBkm"' at wavelengths of 1,2 
and 1.55 (am respectively [Ref. 211 in fibers prepared using the OVPO process. 

Other problems stem from the use of the mandrel which can create some 
difficulties in the formation of the fiber preform. Cracks may form due to 
stress concentration on the surface of the inside wall when the mandrel is 
removed. Also the refractive index profile has a central depression due to the 
collapsed hole when the fiber is drawn. Therefore although the OVPO process 
is a useful fiber preparation technique, it has several drawbacks. Furthermore 
it is a batch process which limits its use for the volume production of optical, 
fibers. 

4.4.2 Vapor Axial Deposition (VAD) 

This process was developed by Izawa et al. IRcf. 221 in the search for a con¬ 
tinuous (rather than batch) technique for the production of low loss optical 
fibers. The VAD technique uses an end-on deposition onto a rotating fused 
silica target as illustrated in Fig. 4.9 iRef. 23|. The vaporized constituents are 
injected from burners and react to form silica soot by flame hydrolysis. This is 
deposited on the end of the starting target in the axial direction forming a solid 
porous glass preform in the shape of a boule. The preform which is growing in 
the axial direction is pulled upwards at a rate which corresponds to the growth 
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Fig. 4.9 The VAD process [Ref. 231. 


rate. It is initially dehydrated by heating with SOCI 2 using the reaction: 

H 2 O + SOCI 2 -2HC1 + SO, (4.5) 

(vapor) (vapor) (gaa) (gas) 


and is then sintered into a solid preform in a graphite resistance furnace at an 
elevated temperature of around 1500 ®C. Therefore, in principle this process 
may be adapted to draw fiber continuously, although at present it tends to be 
operated as a batch process. 

A spatial refractive index profile may be achieved using the deposition 
properties of SiOj-GeOj particles within the oxygen-hydrogen flame. The 
concentration of these constituents deposited on the porous preform is con- 
trolled by the substrate temperature distribution which can be altered by 
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changing the gas flow conditions. Fibers produced by the VAD process still 
suffer from some OH impurity content due to the flame hydrolysis and hence 
very low loss fibers have not been achieved using this method. Nevertheless, 
fibers with attenuation in the range 0.7-2.0dB km”' at a wavelength of 
1.18 pm have been reported IRef. 24]. 

4.4.3 Modified Chemical Vapor Deposition (MCVD) 

Chemical vapor deposition techniques are commonly used at very low deposi¬ 
tion rates in the semiconductor industry to produce protective SiOj films on 
silicon semiconductor devices. Usually an easily oxidized reagent such as SiH 4 
diluted by inert gases and mixed with oxygen is brought into contact with a 
heated silicon surface where it forms a glassy transparent silica film. This 
heterogeneous reaction (i.e. requires a surface to take place) was pioneered for 
the fabrication of optical fibers using the inside surface of a fused quartz tube 
IRef, 25). However, these processes gave low deposition rates and were prone 
to OH contamination due to the use of hydride reactants. This led to the 
development of the modified chemical vapor deposition (MCVD) process by 
Bell Telephone Laboratories | Ref. 261 and Southampton University, UK IRef, 
27], which overcomes these problems and has found widespread application 
throughout the world. 

The MCVD process is also an inside vapor phase oxidation (IVPO) tech¬ 
nique taking place inside a silica tube as shown in Fig. 4,10. However, the 
vapor phase reactants (halide and oxygen) pass through a hot zone so that a 
substantial part of the reaction is homogeneous (i.e. involves only one phase; in 
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ng. 4.10 Schematic diagram showing the MCVD method for the preparation of optical 
flhtrs: (a) depositior^: (b) collapse to (xoduce a preform; (c) fiber drawing. 
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this case the vapor phase). Glass particles formed during this reaction travel 
with the gas flow and are deposited on the walls of the silica tube. The tube 
may form the cladding material but usually it is merely a supporting structure 
which is heated on the outside by an oxygen—hydrogen flame to temperatures 
between 1400 and 1600 ®C. Thus a hot zone is created which encourages 
high temperature oxidation reactions such as those given in Eqs. (4.2) and (4.3) 
or (4.4) (not Eq. (4.J)). These reactions reduce the OH impurity concentration 
to levels below those found in fibers prepared by hydride oxidation or flame 
hydrolysis. 

The hot zone is moved back and forth along the tube allowing the particles 
to be deposited on a layer by layer basis giving a sintered transparent silica 
film on the walls of the tube. The film may be up to 10 pm in thickness and 
uniformity is maintained by rotating the tube. A graded refractive index profile 
can be created by changing the composition of the layers as the glass is 
deposited. Usually when sufficient thickness ha.s been formed by successive 
traverses of the burner for the cladding, vaporized chlorides of germanium 
(GeCl 4 ) or phosphorus (POCIj) are added to the gas flow. The core glass is 
then formed by the deposition of successive layers of germanosilicatc or 
phosphosilicate glass. The cladding layer is important as it acts as a barrier 
which suppresses OH absorption losses due to the diffusion of OH ions from 
the silica tube into the core glass as it is deposited. After the deposition is com¬ 
pleted the temperature is increased to between 1700 and 1900 ®C. The lube is 
then collapsed to give a solid preform which may then be drawn into fiber at 
temperatures of 2000-2200^0 as illustrated in Fig. 4.10. 

This technique is the most widely used at present as it allows the fabrication 
of fiber with the lowest losses. Apart from the reduced OH impurity con¬ 
tamination the MCVD process has the advantage that deposition occurs 
within an enclosed reaaor which ensures a very clean environment. Hence 
gaseous and particulate impurities may be avoided during both the layer 
deposition and the preform collapse phases. The process also allows the use of 
a variety of materials and glass compositions. It has produced Ge 02 doped 
silica single mode fiber with minimum losses of only 0.2 dB km"’ at a 
wavelength of 1.55 pm (Ref. 28|. More generally the Gc 02 -B 2 03 -Si 02 
system (B 2 O 3 is added to reduce the viscosity and assist fining) has shown 
minimum losses of 0.34dBkra“* with multimode fiber at a wavelength of 
1.55 I Ref. 291. Also graded index germanium phosphosilicate fibers have 
exhibited losses near the intrinsic level for their composition of 2.8, 0.45 
and 0.35 dB km"’ at wavelengths of 0.82, 1,3 and 1,5 respectively 
[Ref. 30]. 

The MCVD process has also demonstrated the capability of producing 
fibers with very high bandwidths, although still well below the theoretical 
values which may be achieved. Multimode graded index fibers with measured 
bandwidth-length products of 4.3 GHz km and 4.7 GHz km at wavelengths of 
1.25 and 1.29 pm have been reported IRef. 31|. Large-scale batch production 
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{30,000 km) of 50 nm core graded index fiber has maintained bandwidth- 
length products of 825 MHz km and 735 MHz km at wavelengths of 0.825 
and 1.3 pm respectively IRef. 301. The median attenuation obtained with this 
fiber was 3.4 dB km"' at 0.825 pm and 1.20 dB km ' at 1,3 pm. Hence, 
although it is not a continuous process, the MCVD technique has proved suit¬ 
able for the mass production of high performance optical fiber. 

4.4.4 Plasma-activated Chemical Vapor Deposition (PCVD) 

A variation on the MCVD technique is the use of various types of plasma to 
supply energy for the vapor phase oxidation of halides. This method, first 
developed by Kuppers and Koenings |Rcf. 32|, involves plasma-induced 
chemical vapor deposition inside a silica tube as shown in Fig, 4.11. The essen¬ 
tial difference between this technique and the MCVD process is the stimulation 
of oxide formation by means of a nonisolhermal plasma maintained at low 
pressure in a microwave cavity {2.45 GHr) which surrounds the tube. Volatile 
reactants are introduced into the tube where they react heterogeneously within 
the microwave cavity and no particulate matter is formed in the vapor phase, 

The reaction zone is moved backwards and forwards along the lube by 
control of the microwave cavity and a circularly symmetric layer growth is 
formed. Rotation of the tube is unnecessary and the deposition is virtually 
100% efficient. Film deposition can occur at temperatures as low as 500 ®C, 
but a high chlorine content may cause expansivity and cracking of the film. 
Hence the tube is heated to around 1000'’C during deposition using a 
stationary furnace. 

The high deposition efficiency allows the composition of the layers to be 
accurately varied by control of the vapor phase reactants, Also when the 
plasma zone is moved rapidly backwards and forwards along the tube very 
thin layer deposition may be achieved giving the formation of up to 2000 
individual layers'. This enables very good graded index profiles to be realized 
which are a close approximation to the optimum near parabolic profile. Thus 
low pulse dispersion of less than 0.8 ns km"', for fibers with attenuations of 
between 3 and 4 dB km"', at a wavelength of 0.85 gm have been reported 
[Ref. 21. 
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A further PCVD technique uses an inductively coupled radiofrequency 
argon plasma which operates at a frequency of 3.4 MHz iRef. 33|. The 
deposition takes place at I atmosphere pressure and is predominantly a 
homogeneous vapor phase reaction which, via the high temperature discharge, 
causes the fusion of the deposited material into glass. This technique has 
proved to have a reaction rate five times faster than the conventional MCVD 
process. However, fiber attenuation is somewhat higher with losses of 
6 dB km ' at a wavelength of 1.06 pm. Variations on this theme operating at 
frequencies of 3-6 MHz and 27 MHz have produced GcOj-P^Os-SiO; 
fibers with minimum los.ses of 4-5dBkm"' at a wavelength of 0.85 urn 
[Ref. 34]. 


4.4.5 Summary of Vapor Phase Deposition Techniques 

The salient features of the major vapor phase deposition techniques are sum¬ 
marized in Table 4.2 IRef. 35j. 


T4b<«4.2 Summaiy 0 ^ vspor phase daposkion lechniques 
used in the proparaMon of low loss optical fibers 


Reaction type 


Flame hydrolysis 

High temperature oxidation 

Low temperature oxidatiort 

OVPO.VAO 

MCVO 

PCVO 

Depositional direction 


Outside layer deposition 

Inside layer deposition 

Axial layer deposition 

OVPO 

MCVD. PCVD 

VAO 

Refractive index profile formation 


Layer approximation 

Simultaneous fortnation 

OVPO. MCVO. PCVD 
VAD 

Process 


Batch 

Continuous 

OVPO. MCVD, PCVD 
VAO 


4.8 OPTICAL FIBERS 

In order to plan the use of optical fibers in a variety of line communication 
applications it is necessary to consider the various optical fibers currently 
available. The following is a summary of the major optical fiber types with an 
indication of their general characteriatica. The performance characteristics of 
the various fiber types discussed vary considerably dependlM upon the 
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materials used in the fabrication process and the preparation technique 
involved. The values quoted are largely based upon manufacturers’ and 
suppliers’ data (Refs. 40-44J for commercially available fibers, presented in a 
general form rather than for specific fibers. Hence the fibers may appear to 
have somewhat poorer performance characteristics than those stated for the 
equivalent fiber types produced by the best possible techniques and in the best 
possible conditions which were indicated in Chapter 3. However, it must be 
remembered that the high performance values quoted in Chapter 3 were 
generally for fibers produced and tested in the laboratory. There the pursuit of 
enhanced performance was the predominant criterion, whereas the fibers con¬ 
sidered in this section are those already manufactured in bulk for the com¬ 
mercial market. 

This section, therefore, reflects the lime delay between the achievement of 
fiber performance in the laboratoiy (and possibly achieved in a working 
environment by organizations which have a fiber production capability and are 
also in a position of servicing the telecommunications networks), and the 
general commercial availability of such fibers. Nevertheless, it is certain that as 
the momentum generated in this field increases, fibers with much improved 
performance characteristics will become more generally available, especially 
those in the longer wavelength region (1.1-1.6 pm). It must be noted that the 
performance values given throughout this section are for the shorter 
wavelength region (0.8-0.9pm) unless otherwise stated, as commercially 
available fibers are more frequently specified at wavelengths in this region, 
However, although these fibers are not predominantly designed for use in the 
longer wavelength region it is generally the case that the silica glass fibers 
operate more efficiently over this wavelength range. Finally, the bandwidihs 
quoted are specified over a 1km length of fiber (i.c. x L). These are 
generally obtained from manufacturers’ data which does not always indicate 
whether the electrical or the optical bandwidth has been measured. It is likely 
that these arc in fact optical bandwidths which are significantly greater than 
their electrical equivalents (see Section 7.4.3). 


4.5.1 Multimode Step Index Fibers 


Multimode step index fibers may be fabricated from either multicomponent 
glass compounds or doped silica. These fibers can have reasonably large core 
diameters and large numerical apertures to facilitate efficienl coupling to 
incoherent light sources such as light emitting diodes (LEDs). The perform¬ 
ance characteristics of this fiber type may vary considerably depending on the 
materials used and the method of preparation; the doped silica fibers exhibit 
the best performance. Multicomponent glass and doped silica fibers are often 
referred to as multicomponent glass/glass (glass-clad glass) and silica/silica 
(lillcft-cltd silica) respectively, although the glass-clad glass terminology is 
lOmetiDMI jUied somewhat vaguely to denote both types. A typical structure 
flUltlmoda step index fS^r ie shown in Fig. 4.12. 
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Fig. 4,12 Typical structure for a glass multimode step index fiber. 


Slruclure 
Core diameter: 
Cladding diameter: 
Buffer jacket diameter: 
Numerical aperture: 


50-400 iitn. 
125-500 iijxx. 
250-1000 urn. 
0.16-0.5. 


Performance characteristics 

Attenuation: 4-50dBkm"^ limited by absorption or scattering. The wide 

variation in attenuation is due to the large difTcrences both 
within and between the two overall preparation methods 



•a) 



Fig. 4.13 Attenuetfon spectra for multimode step index fibers: (a} multicomponent glees 
fiber; (b) doped bIIIcb fiber. Reproduced with permission of Belling Lea Ltd. 
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Bandwidth: 

Applications: 


(melting and deposition). To illustrate this point Fig.4.13 
shows the attenuation spectra from suppliers' data I Ref. 431 for 
a multicomponent glass fiber (glass-clad glass) and a doped 
silica fiber (silica-clad silica). It may be observed that the 
multicomponent glass fiber has an attenuation of around 
40dBkni"' at a wavelength of 0.85 pm whereas the doped 
silica fiber has an attenuation of less than 5 dB km~' at a 
similar wavelength. 

6-25 MHz km. 

These fibers are best suited for short-haul, limited bandwidth 

✓ 

and relatively low cost applications. 


4.5.2 Multimode Graded Index Fibers 

These multimode fibers which have a graded index profile may also be 
fabricated using multicomponent glasses or doped silica. However, they tend 
to be manufactured from materials with higher purity than the majority of 
multimode step index fibers in order to reduce fiber losses. The performance 
characteristics of multimode graded index fibers are therefore generally better 
than those for multimode step index fibers due to the index grading and lower 
attenuation. Multimode graded index fibers tend to have small core diameters 
than multimode step index fibers although the overall diameter including the 
buder jacket is usually about the same. This gives the fiber greater rigidity to 
resist bending. A typical .structure is illustrated in Fig. 4.14. 


Structure 
Core diameter: 

Cladding diameter: 

Buffer jacket diameter: 
Numerical aperture: 


30-60 pm. a standard of 50 pm has been established 
for telecommunications applications. 

100-150 pm, a standard of 125nm has been 
established for telecommunications applications. 
250-1000 pm. 

0.2-0.3. 


Buffer 

Prim4rv coating- 

C ore— 



nf.4.14 l^leil Structure for a g^ass multimode graded index fiber. 
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Performance characteristics 

Attenuation: 2-10 dB km \ generally a scattering limit. 

Bandwidth: 150 MHz km to 2 GHz km. 

Applications: These fibers are best suited for medium-haul, medium to high 

bandwidth applications using incoherent and coherent multi- 
mode sources (i.c. LEDs and injection lasers respectively). 

It is useful to note lhal there are a number of partially graded index libers 
commercially available. These fibers generally exhibit slightly better perform¬ 
ance characteristics than corresponding multimode step index fibers but are 
somewhat inferior to the fully graded index fibers dc.scribed above. 


4.5.3 Single Mode Fibere 

Single mode fibers can have cither a step index or graded index profile. 
However, the benefits of using a graded index profile are by no means as sig¬ 
nificant as in the case of mullimode fibers (see Section 2.5). Therefore at 
present commercially available single mode fibers are almost exclusively step 
index. They are high quality fibers for wideband, long-haul transmission and 
are generally fabricated from doped silica (silica-clad silica) in order to reduce 
attenuation. 

Although single mode fibers have small core diameters to allow single mode 
propagation, the cladding diameter must be at least ten times the core diameter 
to avoid losses from the evnnc.scciU field. Hence with a buffer jacket to provide 
protection and strength, single mode fibers have similar overall diameters to 
multimode fibers. A typical example of a single mode step index fiber is shown 
in Fig. 4.15. 


Structure 
Core diameter: 
Cladding diameter: 
Buffer jacket diameter: 
Numerical aperture: 


3-10 pm. 

50-125 pm, 

250-1000 pm. 

0.08-0.15, usually around 0.10, 




RclrjcJjve 


« I.4S6 


Fig. 4.18 Typical structure for a eilica single mode step index fiber. 
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Performance characteristics 

Attenuation: 2-5 dB km"* with a scattering limit of around 1 dB km * at a 

wavelength of 0.85 twn. Significantly lower losses are possible 
in the longer wavdength region. 

Bandwidth: Greater than 500 MHz km. In theory the bandwidth is limited 

by waveguide and material dispersion to approximately 
40 GHz km at a wavelength of 0.85 pm. 

Applications: These fibers are ideally suited for high bandwidth very long- 

haul applications using single mode injection laser sources. 


4.5.4 Plastic-clad Fibers 

Plastic-clad fibers are multimode and have cither a step index or a graded 
index profile, They have a plastic cladding (often a silicone rubber) and a glass 
core which is frequently silica (i.e. plastic clad silica—PCS fibers). The PCS 
fibers exhibit lower radiation-induced losses than silica clad silica fibers and, 
therefore, have an improved performance in certain environments. Plastic-clad 
fibers arc generally slightly cheaper than the corresponding glass fibers, but 
usually have more limited performance characteristics. A typical structure for 
a step index plastic-clad fiber (which is more common) is shown in Fig. 4.16. 

Structure 


Core diameter: 


Cladding diameter: 
Buffer jacket diameter: 
Numerical aperture: 


Step index 
Graded index 
Step index 
Graded index 
Step index 
Graded index 
Step index 
Graded index 


Performance characteristics 
Attenuation: Step index 

Graded index 


100-500 ^m. 
50-100 urn. 
300-800 urn. 
125-150 tim. 
500-1000 ^m, 
250-1000 tim. 
0.2-0.5. 
0.2-0.3, 


5-50 dB/km. 
4-15 dB/km. 



4.11 


Hoil structure for e plastic-clad silica multimode step index fiber. 
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Bandwidth: Step index 5-25 MHz km. 

Graded index 200-400 MHz km. 

Applications: These fibers are generally used on lower bandwidth, shorter- 

haul links where fiber costs need to be limited. They also have 
the advantage of easier termination over glass-cl ad multimode 
fibers. 


4.5.5 All-plastic Fibers 

All-plastic fibers are exclusively of the multimode step index type with large 
core and cladding diameters. Hence there is a reduced requirement for a buffer 
jacket for fiber protection and strengthening. These fibers are cheap to produce 
and arc easier to handle than the corresponding glass variety. However, their 
performance (especially for optical transmission in the infrared) is severely 
restricted, giving them very limited use in communication applications. All-plastic 
fibers generally have large numerical apertures which allow easier coupling of 
light into the fiber from a multimode source. A typical structure is illustrated in 
Fig. 4.17. 

Structure 

Core diameter: 200-600 pm. 

Cladding diameter: 4SO-lOOOpm. 

Numerical aperture: 0.5-0.6. 

Performance characteristics 

Attenuation: 350-1000 dB km*' at a wavelength of 0.65 pm. 

Bandwidth: This is not usually specified as transmission is generally 

limited to tens of meters. 

Applications: These libers can only be used for very short-haul (i.e. ‘in- 

house") low cost links. However, fiber coupling and termina¬ 
tion arc relatively easy and do not require sophisticated tech¬ 
niques. 
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4.6 OPTICAL FIBER CABLES 

It was indicated in Section 4.1 that if optical fibers arc to be alternatives to 
electrical transmission lines it is imperative that they can be safely installed and 
maintained in all the environments (e.g. underground ducts) in which metallic 
conductors arc normally placed. Therefore when optical fibers arc to be 
installed in a working environment their mechanical properties are of prime 
importance. In this respect the unprotected optical fiber has several 
disadvantages with regard to its strength and durability. Bare glass libers are 
brittle and have small cross-sectional areas which makes them very susceptible 
to damage when employing normal transmission line handling procedures. It is 
therefore necessary lo cover the fibers to improve their tensile strength and to 
protect them against external influences. This is usually achieved by surround¬ 
ing the fiber by a series of protective layers which arc referred to as coating 
and cabling. The initial coating of plastic with high clastic modulus is applied 
directly to the fiber cladding as illustrated in Section 4.5. It is then necessary to 
incorporate the coated and buffered fiber into an optical cable to increase its 
resistance to mechanical strain and stress as well as adverse environmental 
conditions. 

The functions of the optical cable may be summarized into four main areas. 
These are: 

(a) Fiber protection. The major function of the optical cable is to protect 
against liber damage and breakage both during installation and throughout 
the life of the fiber. 

(b) Stability of the fiber transmission characteristics. The cabled liber must 
have good stable transmission characteristics which are comparable with 
the uncabled fiber. Increases in optical attenuation due to cabling are quite 
usual and must be minimized within the cable design. 

(c) Cable strength. Optical cables must have similar mechanical properties to 
electrical transmission cables in order that they may be handled in the 
same manner. These mechanical properties include tension, torsion, com¬ 
pression, bending, squeezing and vibration. Hence the cable strength may 
be improved by incorporating a suitable strength member and by giving 
the cable a properly designed thick outer sheath. 

(d) Identification and Jointing of the fibers within the cable. This is especially 
important for cables including a large number of optical fibers. If the fibers 
are arranged in a suitable geometry it may be possible lo use muluple joint¬ 
ing techniques rather than jointing each fiber individually. 

In order to consider the cabling requirements for fibers with regard to (a) 
and (b)» it is necessary to discuss the fiber strength and durability as well as 
any potiible sources of degradation of the fiber transmission characteristics 

which ftfi likely to occur due to cabling. 

* \ 
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4.6.1 Fiber Strength and DurebiHty 

Optical fibers for telecommunications usage are id most exclusively fabricated 
from silica or a compound of glass (multicomponent glass). These materials 
are brittle and exhibit almost perfect elasticity until their breaking point is 
reached. The bulk material strength of flawless glass is quite high and may be 
estimated for individual materials using the relationship |Ref. 44]: 



where is the theoretical cohesive strength^ Yp is the surface energy of the 
material, E is the Young’s modulus for the material (stress/strain), and is the 
atomic spacing or bond distance. However, the bulk material strength may be 
drastically reduced by the presence of surface flaws within the material 
In order to treat surface flaws in glass analytically, the Griffith theory 
I Ref. 491 is normally used. This theory assumes that the surface flaws are 
narrow cracks with small radii of curvature at their tips as illustrated in 
Fig. 4.18. It postulates^ that the stress is concentrated at the tip of the crack 
which leads to crack growth and eventually catastrophic failure. Figure 4.18 
shows the concentration of stress lines at the crack tip which indicates that 
deeper cracks have higher stress at their tips. The Griffith theory gives a stress 
intensity factor as: 

= Sre^ (4.7) 

where S is the macroscopic stress on the fiber, Y is a constant dictated by the 
shape of the crack (e.g. for an elliptical crack as illustrated in Fig. 4.18) 

and C is the depth of the crack (this is the semi-major axis length for an 
elliptical crack). Further, the Griffith theory gives an expression for the critical 
stress intensity factor where fracture occurs as: 

/^.C = (2£Yp)* (4.8) 





- 

lincsof coQSlaiU 

ng.4.18 An elliptical surface crack In a tensioned optical fiber. 
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Combining Eqs. (4.7) and (4.8) gives the Griffith equation for fracture stress of 
a crack Sf as: 




(4.9) 


It is interesting to note that S( is proportional to C ’. Therefore 5*^ decreases 
by a factor of 2 for a fourfold increase in the crack depth C. 


Example 4.1 

The bond has a theoretical cohe&ive strength of 2,6 x 10^ w which 

corresponds to a bond distance of 0.16 nm. A silica optical fiber has an elliptical 
crack of depth lOnm at a point along its length. Estimate: 

(a) the fracture stress in psi for the fiber if it is dependent upon this crack: 

(bj the percentage strain at the break. 

The Youngs modulus for silica Is approximately 9x 10^^ N m"^ and 1 psI ■ 
6894,76 Nm 

Solution: (a) Using Eg. (4.6). the theoretical cohesive strength for the SI—0 
bond Is: 


- (f)‘ 


Hence 


* 


4/» V 4 X 0.16 X 10“®(2.6 x 10® x 6894.76) 


9x 10 


to 


= 2 29 J 

The fracture stress for the silica fiber may be obtained Eg. (4.9) where: 

2fYp 


• = /^V 

' \ Y^C } 


For an elliptical crack: 




2 X 9 X lO’** X 2.29 \ i 


nx 10 ® 


) 


9 _ 2 


- 3.62 X 10'’ N m 
* 5.25 X 10® psi 


It may be noted that the fracture stress is reduced from the theoretical value for 
flawless silica of 2.6 x 10® psi by a factor of approximately 5. 


(b) Young's modulus is defined as: 


stress 


f = 


strain 
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Therefore 

stress Sf 3.62x10® 

strain — - = — =-— 

E E 9X lO’® 

= 0-04 

Hence the strain at the break Is 4%, which corresportds to the change in length over 
the original length lor the fiber. 


In example 4.1 we considered only a single crack when predicting the fiber 
fracture. However, when a fiber surface is exposed to the environment and is 
handled, many flaws may develop. The fracture stress of a length of fiber is 
then dependent upon the dominant crack (i.c. the deepest) which will give a 
fiber fracture at the lowest strain. Hence the fiber surface must be protected 
from abrasion in order to ensure high fiber strength. A primary protective 
plastic coating is usually applied to the fiber at the end of the initial production 
process so that mechanically induced flaws may be minimiied. Flaws also 
occur due to chemical and structural causes. These flaws are generally smaller 
than the mechanically induced flaws and may be minimized within the fiber 
fabrication process. 

There is another effect which reduces the fiber fracture stress below that pre¬ 
dicted by the Griffith e^iuation. It is due to the slow growth of flaws under the 
action of stress and water and is known as stress corrosion. Stress corrosion 
occurs because the molecular bonds at the tip of the crack are attacked by 
water when they are under stress. This causes the flaw to grow until breakage 
eventually occurs. Hence stress corrosion must be taken into account when 
designing and testing optical fiber cables. It is usual for optical fiber cables to 
have some form of water-protective barrier as is the case for most electrical 
cable designs. 

In order to predict the life of practical optical fibers under particular stresses 
it is necessary to use a technique which takes into account the many flaws a 
fiber may possess, rather than just the single surface flaw considered in 
example 4.1. This is approached using statistical methods due to the nature of 
the problem which involves many flaws of varying depths over different 
lengths of fiber. 

Calculations of strengths of optical fibers arc usually conducted using 
Weibull statistics I Ref. 50| which describe the strength behavior of a system 
that is dependent on the weakest link within the system. In the case of optical 
fibers this reflects fiber breakage due to the dominant or deepest crack. The 
empirical relationship established by Weibull and applied to optical fibers 
indicates that the probability of failure at a stress S is given by: 




(4.10) 
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where m is the Weibull distribution parameter. So a scale parameter. L is the 
fiber length and Lq is a constant with dimensions of length. 

The expression given in Eq. (4.10) may be plotted for a fiber under test by 
breaking a large number of 10-20 m fiber lengths and measuring the strain at 
the break, The various strains are plotted against the cumulative probability of 
their occurrence to give the Weibull plot as illustrated in Fig. 4.19 |Ref. 511, It 
may be observed from Fig. 4.19 that most of the fiber tested breaks at strain 
due to the prevalence of many shallow surface flaws. However, some of the 
fiber tested contains deeper flaws (possibly due to external damage) giving the 
failure at lower strain depicted by the tail of the plot. This reduced strength 
region is of greatest interest when determining the fiber's lifetime under stress. 

Finally the additional problem of stress corrosion must be added to the 
information on the fiber under stress gained from the Weibull plot. The stress 
corrosion is usually predicted using an empirical relationship for the crack 
velocity in terms of the applied stress intensity factor K ,, where iRef. 511: 

V, (4.11) 

The constant n is called the stress corrosion susceptibility (typically in the 
range 15-50 for glass), and A is also a constant for the fiber material. Equa¬ 
tion (4.11) allows estimation of the time to failure of a fiber under stress corro¬ 
sion conditions, Therefore from a combination of fiber testing (Weibull plot) 
and stress corrosion information estimates of the maximum allowable fiber 
strain can be made available to the cable designer. These estimates may be 
confirmed by straining the fiber up to a specified level (proof testing) such as 
1% strain. Fiber which survives this test can be accepted. However, proof 
testing presents further problems, as it may cause fiber damage. Also it is 
necessary to derate the maximum allowable fiber strain from the proof test 
value to increase confidence in fiber survival under stress conditions. It is 
suggested IRef 51] that a reasonable derating for use by the cable designer for 
fiber which has survived a 1% strain proof test is around 0.3% in order that the 
fiber has a reasonable chance of surviving with a continual strain for 20 years. 



ai 1 10 

Strain al break, (percent) 

Fig. 4.10 A lohemitic representation of a Weibull plot. Reproduced with permission 
from M. H. Reeve, MifS/Mron. 5no., B1, p, 327. 1981. 
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4.6.2 Stability of the Fiber TranMiiesion Characteristics 

Optical fiber cables must be designed so that the transmission characteristics 
of the fiber are maintained after the cabling process and cable installation. 
Therefore increases in the optical attenuation and reduction in the bandwidth 
of the cabled fiber must be avoided. A problem which occurs in the cabling of 
optical fiber is the meandering of the fiber core axis on a microscopic scale 
within the cable form. This phenomenon, known as microbending, results from 
small lateral forces exerted on the fiber during the cabling process. Such 
random bending of the fiber axis causes coupling of power between modes {see 
Section 2.3.7) which results in losses due to radiation in both multimode and 
single mode fibers. Thus excesssive microbending can easily create additional 
fiber losses to an unacceptable level. To avoid deterioration in the optical fiber 
transmission characteristics resulting from mode coupling induced by micro¬ 
bending, it is important that the liber is free from irregular external pressure 
within the cable. Carefully controlled coating and cabling of the fiber is 
therefore essential in order to minimize the cabled fiber attenuation. Further¬ 
more the fiber cabling must be capable of maintaining this situation under all 
the strain and environmental conditions envisaged within its lifetime. 


4.7 CABLE DESIGN 

The design of optical fiber cables must take account of the constraints 
discussed in Section 4.6. In practice these constraints may be overcome in 
various ways which are, to some extent, dependent upon the cable's applica¬ 
tion. Nevertheless, generally cable design may be separated into a number of 
major considerations. These can be summarized into the categories of fiber 
buffering, cable structural and strength members, and cable sheath and water 
barrier. 


4.7.1 Fiber Buffering 

It was indicated in Section 4.6. that the fiber is given a primary coating during 
production in order to prevent abrasion of the glass surface and subsequent 
flaws in the material. The primary coaled fiber is then given a secondary or 
buffer coating (jacket) to provide protection against external mechanical and 
environmental influences. This buffer jacket is designed to protect the fiber 
from microbending losses and may take several different forms. These 
generally fall into one of three distinct types which are illustrated in Fig. 4.20 
[Ref. 52]. A tight buffer jacket is ^own in Fig. 4.20(a) which usually consists 
of a hard plastic (e.g. Nylon, Hytrel, Tefzel) and is in direct contact with the 
primary coated fiber. This thick bufter coating (0.25-1 mm in diameter) 
provides stiffening for the fiber against outside microbending influences, but it 
must be applied in such a manner as not to cause microbending losses itself. 
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Fig. 4.20 
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Techniques for bufferirtg off optical fibers fRef. 52|: {a) tight buffer jacket; 
(b) loose buffer Jacket; fc) fllM loose buffer jacket. 


An alternative approach which is shown in Fig. 4.20(b) is the use of a loose 
buffer jacket. This produces an oversized cavity in which the fiber is placed 
and which mechanically isolates the fiber from external forces. Loose buffering 
is generally achieved by using a hard, smooth, flexible material in the form of 
an extruded tube, or sometimes a folded tape with a diameter between 1 and 
2 mm. 

Finally Fig, 4,20(c) shows a variation of the loose buffering in which the 
oversized cavity is filled with a moisture*resistant compound. This technique, 
which combines the advantages of the two previous methods, also provides a 
water barrier in the immediate viciniiy of the fiber. The filling material must be 
soft, self-healing and stable over a wide range of temperatures and usually con¬ 
sists of specially blended petroleum or silicone^based compounds. 


4.7.2 Cable Structural and Strength Members 

One or more structural member is usually included in the optical fiber cable to 
serve as a core foundation around which the buffered fibers may be wrapped, 
or into which they may be slotted as illustrated in Fig. 4.21 IRefs. 51 and 52], 
The structural member may also be a strength member if it consists of suitable 
material (i.e. solid or stranded steel wire or Kevlar (DuPont Ltd.) yarns). This 
situation is shown in Fig. 4.21(a) where the central steel wire acts as both a 
structural and strength member. In this case the steel wire is the primary load- 
bearing element. Figure 4.21(b) shows an extruded plastic structural member 
around a central steel strength member. The primary function of the structural 
member in this case is not load-bearing, but to provide suitable accommoda¬ 
tion for the buffered fibers within the cable. 

Structural members may be nonmetallic with plastics, fiberglass and Kevlar 
often being used. However, for strength members the preferred features include 
It high Young's modulus, high strain capability, flexibility and low weight per 
unit length. Therefore although similar materials are frequently utilized for 
both strength and structural members, the requirement for additional tensile 
Strength of flie strength member must be considered within the cable design, 
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Fig. 4.21 Structural and atr^ngth mambers in optical fiber cables: (a) central steel wire 
structural and strength member [Ref. S1|:<b) Northern Telecom unit core cable 
with central steel strength member ar>d extruded plastic structural member 
[Ref. 521. 


Flexibility in strengih members formed of materials with high Young’s 
moduli may be improved by using a stranded or bunched assembly of smaller 
units as in the case of steel wire. Similar techniques are also employed with 
other materials used for strength members which include plastic monofila¬ 
ments (i.e. specially processed polyester), textile fiber (Nylon, Teryiene, 
Dacron and the widely used Kevlar) and carbon and glass fibers. These 
materials provide a variety of tensile strengths for different cable applications. 
However, it is worth noting that Kevlar, an aromatic polyester, has a very high 
Young’s modulus {up to 13 x 10*^ N m‘^) which gives it a strength to weight 
ratio advantage four times that of steel. 

It is usual when utilizing a stranded strength member to cover it with a 
coating of extruded plastic, or helically applied tape. This is to provide the 
strength member with a smooth (cushioned) surface which is especially 
important for the prevention of microbending losses when the member is in 
contact with the buffered optical hbers. 


4.7.3 Cable Sheath and Water Barrier 

The cable is normally covered with a substantial outer plastic sheath in order 
to reduce abrasion and to provide the cable with extra protection against exter¬ 
nal mechanical effects such as crushing. The cable sheath is said to contain the 
cable core and may vary in complexity from a single extruded plastic jacket to 
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a multilayer structure coir^rising two or more jackets with intermediate 
armoring. However, the plastic sheath material (c.g. polyethylene, poly¬ 
urethane) tends to give very limited protection against the penetration of water 
into the cable. Hence an additional water barrier is usually incorporated. This 
may take the form of an axially laid aluminum foil/polyethylene laminated film 
immediately inside the sheath as used by British Telecom [Ref. 53] and 
illustrated in Fig. 4.21(a). 

Alternatively the ingress of water may be prevented by filling the spaces in 
the cable with moisture-resistant compounds. Specially formulated silicone 
rubber or petroleum-based compounds are often used which do not cause 
difficulties in identification and handling of individual optical fibers within the 
cable form. These filling compounds are also easily removed from the cable 
and provide protection from corrosion for any metallic strength members 
within the fiber. Also the fillmg compounds must not cause degradation of the 
other materials within the cable and must remain stable under pressure and 
temperature variation. 

4.7.4 Examples of Fiber Cablee 

Many different cable designs have been proposed and a large number have 
been adopted by difl'erent organizations throughout the world. At present there 
are no definite standards for optical fiber cables incorporating either a 
particular number of fibers or for specific applications. However, as discussed 
previously there is a general consensus on the overall design requirements and 
on the various materials that can be used for cable construction IRcf. S2|. In 
this section we therefore consider some further examples of optical fiber cable 
construction in order to give the reader a feel for the developments in this 
important field. 

Figure 4.22 [Ref. 40] shows two examples of cable construction for single 
fibers. In Fig. 4.22(a) a tight buffer jacket of Hytrd is used surrounded by a 
layer of Kevlar for strengthening. In this construction the optical fiber itself 
acts as a central strength member. 
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$ln 9 la fiber cablee [Ref. 40]: (al tight buffer jacket design; (b) loose buffer 
jeoket deelon^ 



142 


OPTICAL FIBER COMMUNICATIONS: PRiNCIPLES AND PRACTICE 


The cable construction illustrated in Fig. 4.22(b) uses a loose tube buffer 
around the central optical fiber. This is surrounded by a Kevlar strength 
member which is protected by an inner sheath or jacket before the outer sheath 
layer. The strength members of single optical fiber cables are not usually 
incorporated at the center of the cable (unless the fiber is acting as a strength 
member) but are placed in the surrounding cable form as illustrated in Fig. 
4.22(b). 

Cable designs for mullifiber cables may also take this general form with the 
strength member surrounding the fibers at the center of the cable. Examples of 
this construction are illustrated in Fig. 4.23 [Ref 52|. Figure 4.23(a) shows 
seven fibers at the cable center surrounded by a helically laid Kevlar strength 
member. Figure 4.23(b) shows a ribbon cable configuration with a strength 
member of polypropylene yams in the surrounding cable form. It may also be 
noted that this design utilizes armoring of stainless steel wires placed in the 
outer sheath. 

Two more cable designs which allow the incorporation of a larger number of 
fibers are shown in Fig. 4.24 (Ref 521. The configuration illustrated in Fig. 
4,24(a) is a stranded design where ihe buffered fibers are arranged in one or 
more layers. Allcrnatively> Fig. 4-24(b) shows a muUi'Unit design where each 
unit contains seven buffered fibers. In this case the design allows 49 fibers to 
be included within the cable. 

Finally a cable design which has proved successful in installations in the 
United States is .shown in Fig. 4.25 I Ref 54). The cable has a central copper 
wire for strengthening and also to provide possible electrical condution sur¬ 
rounded by a plastic structural member. Up to 12 optical fibers are placed in a 
flat ribbon between plastic tapes and incorporated into a helical groove in the 
extruded plastic structural member. Another diametrically opposite groove is 
designed for the placement of up to seven plastic insulated metallic pairs or 
alternatively the incorporation of other ribbon of optical fibers. The principal 
strength member is a loose aluminum lube fitted over the cable core which also 
acts as a water barrier. This is surrounded by an inner polyethylene jacket or 
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Multifiber cables without central strength and structural member iRef. 62]: 
(a) ITT seven fiber external strength membercableMb) AT&T ribbon cable. 
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Examples of mullHiber cable design [Ref. 52|: (a) Siecor 16 fiber duct cable; 
(b) Siecor* 43 fiber unit cable. 


sheath followed by armoring consisting of corrugated steel tape with longi¬ 
tudinal overlap. A second polyethylene jacket acts as an outer cable sheath 
giving the cable an overall diameter of around 2.5 cm. The use of the 
aluminum tube also allows the cable to be operated under pressurized condi* 
tions which gives the additional advantages of: 

(a) an alarm in the event of sheath perforation; 

(b) sheath fault location; 

(c) the exclusion or reduction of water ingress at a sheath fault. 

Trials of various optical fiber cable designs have taken place throughout the 
world since 1977 with little indication of failure due to the possible degradation 
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mechanisms. It is therefore suggested |Ref. 511 that there is a possibility that 
current commercial optical fiber cables manufactured for telecommunications 
purposes have been ‘over-engineered’ and are thus working very successfully. 
Hence it is likely that the future development of optical fiber cables will con¬ 
centrate on simpler designs which will bring both production and cost benefits 
as optical fiber systems are utilized more fully in telecommunication networks. 


4.8 OPTICAL FIBER CONNECTION 

Optical fiber links, in common with any line communication system, have a 
requirement for both jointing and termination of the transmission medium. The 
number of intermediate fiber conn^tions or joints is dependent upon the link 
length (between repeaters^ the continuous length of fiber cable that may be 
produced by the preparation methods outlined in Sections 4.2-4.4, and the 
length of fiber cable that may be practically or conveniently installed as a con¬ 
tinuous section on the link. Current practice allows single lengths of fiber cable 
of around 1 km to be installed. However, it is anticipated [Ref 56] that this 
will be increased to several kilometers, especially for submarine systems where 
continuous cable laying presents fewer problems. 

Repeater spacing on optical fiber telecommunication links is a continuously 
increasing parameter with currently installed digital systems operating over 
spacings of up lo 30 km together with the prospect of repeater spacings of 
many tens and even over 100 kilometers for the long wavelength single mode 
systems of the near future. (For example, 100 km operation without repeaters 
was achieved by British Telecom in the laboratory (uncabled fiber) at the 
beginning of 1982 with a 140M bits ’ single mode system operating at a 
wavelength of 1.55 pm. In this case the fiber produced by a MCVD process 
was jointed (spliced) at 6 km intervals.) It is therefore apparent that fiber-fiber 
connections with low loss and minimum distortion (e.g. modal noise with multi- 
mode fibers) is of increasing importance within optical fiber communications 
in order to sustain the repeater spacings required for developing systems. 
However, in this context optical fiber jointing has to a certain extent lagged 
behind the technologies associated with the other components of optical fiber 
communication systems (fiber, sources, detectors, etc.). Nevertheless in recent 
years there has been an increasing interest in this topic and significant 
advances have been made. Therefore in this and the following sections we 
review the theoretical and practical aspects of fiber-fiber connections with 
regard to both multimode and single mode systems. Fiber termination to 
sources and detectors is not considered as the important aspects of these topics 
are discussed in the chapters covering sources and detectors (Chapters 6, 7 
and 8). Nevertheless the discussion on fiber jointing is relevant to both source 
and detector coupling, as many manufacturers supply these electro-optical 
devices already terminated to a fiber optic pigtail in order to facilitate direct 
fiber-fiber connection to an optical fiber link. 
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Before we consider fiber-fiber connection in further detail it is necessary to 
indicate the two major categories of fiber joint currently both in use and 
development. These are: 

(a) Fiber splices: these are semipermanent or permanent joints which find 
major use in most optical fiber telecommunication systems (analogous to 
electrical soldered joints). 

(b) Demountable fiber connectors or simply connectors: these are removable 
joints which allow easy fast manual coupling and uncoupling of fibers 
(analogous to electrical plugs and sockets), 

A major consideration with all types of fiber-fiber connection is the optical 
loss encountered at the interface. Even when the two jointed fiber ends are 
smooth and perpendicular to the fiber axes, and the two fiber axes are perfectly 
aligned, a small proportion of the light may be reflected back into the 
transmitting fiber causing attenuation at the joint. This phenomenon, known as 
Fresnel reflection, is associated with the step changes in refractive index at the 
jointed interface (i.e. glass-air-gla$s). The magnitude of this partial reflection 
of the light transmitted through the interface may be estimated using the 
classical Fresnel formula for light of normal incidence and is given by [Ref. 
37]: 


=(—)’ 
\n, ^ n f 


(4.12) 


where r is the fraction of the light reflected at a single interface, rti is the refrac¬ 
tive index of the fiber core and n is the refractive index of the medium between 
the two jointed fibers (i.e. for air n=l). However in order to determine the 
amount of light reflected at a fiber joint, Fresnel reflection at both fiber 
interfaces must be taken into account. The loss in decibels due to Fresnel 
reflection at a single interface is given by: 


Lo55F,es = “10 log.o (I - r) 


(4.13) 


Hence using the relationships given in Eqs. (4.12) and (4.13) it is possible to 
determine the optical attenuation due to Fresnel reflection at a fiber-fiber joint. 

It is apparent that Fresnel reflection may give a significant loss at a fiber 
joint even when all other aspects of the connection are ideal. However, the 
effect of Fresnel reflection at a fiber—fiber connection can be reduced to a very 
low level through the use of an index matching fluid in the gap between the 
jointed fibers. When the index matching fluid has the same refractive index as 
the fiber core, losses due to Fresnel reflection are in theory eradicated. 

Unfortunately Fresnel reflection is only one possible source of optical loss at 
ft fiber joint. A potentially greater source of Ic^ at a fiber-fiber connection is 
ftWMd by mlsftligAment of the two jointed fibers. In order to appreciate the 
4Mlopment Mdi Igiftllve lucoeu of wious connection techniques it is useful 

ik,4lHiiii flNr rillwnt Id d«tdl, 
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Example 4.2 

An optical fiber has a core refractive index of 1 5. Two lengths of the fiber with 
smooth and perpendicular (to the core axes) end faces are butted together. Assum¬ 
ing the fiber axes are perfectly aligned, calculate die optical loss in decibels at the 
joint {due to Fresnel reflection) when there is a small air gap between the fiber end 
faces. 

Sofutiort: The magnitude of the Fresnel reflection at the fiber-air interface is 
given by Eq. (4.12) where: 



0.04 

The value obtained for r corresponds to a reflection of 4% of the transmitted light at 
the single interface. Further, the optical lose in decibels at the single interface may 
be obtained using Eq. (4.13) where: 

* -10 logio - r) « -10 logio 0,96 
» 0.18 d6 

A similar calculation may be performed for the other Interface (air-fiber}. However 
from considerations of symmetry it is clear that the optical loss at the second 
Interface is also 0.1$ dB. 

Hence the total loss due to Fresnel reflection at the fiber joint is approximately 
0.36 dB. 




4.8«1 Fib^r Alignment end Jobit Loss 

Any deviations in the geometrical and optical parameters of the two optical 
fibers which are jointed will affect the optical attenuation (insertion loss) 
through the connection. It is not possible within any particular connection 
technique to allow for all these variations. Hence there are inherent connection 
problems when jointing fibers with, for instance: 

(a) different core and/or cladding diameters; 

(b) different numerical apertures and/or relative refractive index differences; 

(c) different refractive index profiles; 

(d) fiber faults (core ellipticity, core concentricity, etc.). 

The best results are therefore achieved with compatible (same) fibers which are 
manufactured to the lowest tolerance. In this case there is still the problem of 
the quality of the fiber alignment provided by the jointing mechanism. 
Examples of possible misalignment between coupled compatible optical fibers 
are illustrated in Fig. 4.26 [Ket. S81» It is apparent that misalignment may 
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Fig. 4.26 The three types of misalignment which may occur when jointing com¬ 

patible optical fibers [Ref. 58]: (a) longitudinal misalignment; {b} lateral mis- 
allgr^ment; (c) angular misalignment 


occur in three dimensions, the separation between the fibers (longitudinal mis¬ 
alignment), the offset perpendicular to the fiber core axes (lateral/radial/axial 
misalignment) and the angle between the core axes (angular misalignment). 

Optical losses resulting from these three types of misalignment depend upon 
the fiber type, core diameter and the distribution of the optical power between 
the propagating modes. Examples of the measured optical losses due to the 
various types of misalignment are shown in Fig. 4.27. Figure 4.27(a) IRef, 581 
shows the attenuation characteristic for both longitudinal and lateral misalign¬ 
ment of a 50 fim core diameter graded index fiber. It may be observed that the 
lateral misalignment gives significantly greater losses per unit displacement 
than the longitudinal misaJignmenl. For instance in this case a lateral displace¬ 
ment of 10 nm gives about 1 dB insertion loss whereas a similar longitudinal 
displacement gives an insertion loss of around 0.1 dB. Figure 4.27(b) [Ref. 591 
shows the attenuation characteristic for the angular misalignment of two mul¬ 
timode step index fibers with numerical apertures of 0.22 and 0.3. An inser¬ 
tion loss of around 1 dB is obtained with angular misalignment of 4® and 5® 
for the 0.22 NA and 0.3 NA fibers respectively. It may also be observed in 
Fig. 4.27(b) that the effect of an index matching fluid in the fiber gap causes 
increased losses with angular misal^nment. Therefore it is clear that relatively 
small levels of lateral and/or angular misalignment can cause significant 
attenuation at a fiber joint. This is especially the case for small core diameter 
(less than 150 pm) fibers which are currently employed for most telecom¬ 
munication purposes. 

Theoretical and experimental studies of fiber misalignment in optical fiber 
connections [Refs. 60-721 allow approximate determination of the losses 
encountered with the various misalignments of different fiber types. We con¬ 
sider here some of the expressions used to calculate losses due to lateral and 
angular misalignment of optical fiber joints. Longitudinal misalignment is not 
discussed in detail as it tends to be the least important effect and may be 
targaly avoided in fiber connection. Also there is some disagreement over the 
MUfiltudi ^-tM Imies due (o longitudinal misalignment when it is calculated 
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Fig. 4.27 Insertion loss c hard cl eristics for Jointed optical fibers with various tvpas of 
misalignment: (a) insertion loss due lo lateral and longitudinal misalignment 
for a 50 ^m core diameter graded index fiber, reproduced with permission 
from P. Mossman, The Radio and Btectron. Eng.. 51, p. 333. 1981; (bl inser¬ 
tion loss due to angular misalignment for joints in two multimode step index 
fibers with numerical apertures of 0.22 and 0.3. Reproduced with permission 
from C, P. Sandbank ied). Optical Fiber Communication Systems, John Wiley 
& Sons, 1980. 


theoretically between Miyazaki etaL [Ref. 611 and Tsuchiya et al. I Ref. 62]. 
Both groups of workers claim good agreement with experimental results which 
is perhaps understandable when considering the number of variables involved 
in the measurement. However, it is worth noting that the lower losses predicted 
by Tsuchiya et ai agree more closely with a third group of researchers 
[Ref. 63]. Also all groups predict higher losses for fibers with larger numerical 


'A 





OPTICAL FIBERS, CABLES AND CONNECTIONS 


149 


apertures which is consistent with intuitive considerations (i.e. the larger the 
numerical aperture, the greater the spread of the output light and the higher the 
optical loss at a longitudinally misaligned joint). 

Theoretical expressions for the determinalion of lateral and angular mis¬ 
alignment losses are by no means definitive although in all cases they claim 
reasonable agreement with experimental results. However, experimental results 
from different sources tend to vary (especially for angular misalignment losses) 
due to diniculties of measurement. It is therefore not implied that the expres¬ 
sions given in the text are necessarily the most accurate, as at present the 
choice appears somewhat arbitrary. 

Lateral misalignment reduces the overlap region between the two fiber 
cores. Assuming uniform excitation of all the optical modes in a multimode 
step index fiber the overlapped area between both fiber cores approximately 
gives the lateral coupling efficiency ni„. Hence the lateral coupling efficiency 
for two similar step index fibers may be written as [Ref 62 : 




(I+(nj/n)) 




where «( is the core refractive index, n is the refractive index of the medium 
between the fibers, y is the lateral offset of the fiber core axes, and a is the fiber 
core radius. The lateral misalignment loss in decibels may be determined using: 


Loss,., = -10 logit, ni.< dB 


(4.15) 


The predicted losses obtained using the formulae given in Eqs. (4.14) and 
(4,15) are generally slightly higher than the measured values due to the 
assumption that all modes are equally excited. This assumption is only correct 
for certain cases of optical fiber transmission. Also certain authors [Refs. 61 
and 71] assume index matching and hence no Fresnel reileciion which makes 
the first term in Eq. (4.14) equal to unity (as njn = 1). This may be valid if the 
two fiber ends are assumed to be in close contact (i.e. no air gap in between) 
and gives lower predicted losses. Nevertheless, bearing in mind these possible 
inconsistencies, useful estimates for the attenuation due to lateral misalignment 
of multimode step index fibers may be obtained. 

Lateral misalignment loss in multimode graded index fibers assuming a 
uniform distribution of optical power throughout all guided modes was 
calculated by Gloge [Ref. 65]. He estimated chat the lateral misalignment loss 
was dependent on the refractive index gradient a for small lateral offset and 
may be obtained from: 




(4.16) 


where the literal coupling efficient was given by; 
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TW = I - A (4.17) 

Hence Eq. (4.17) may be utilized to obtain the lateral misalignment loss in 
decibels. With a parabolic refractive index profile where a = 2, Eq. (4.16) 
gives; 


A further estimate including the leaky modes, gave a revi.sed expression for 
the lateral misalignment loss given in Eq. (4.17) of 0.75(y£r). This analysis was 
also extended to step index fibers (where a = oo) and gave lateral misalignment 
losses of 0.64(y/a) and 0.5(i'/o) for the cases of guided modes only and both 
guided plus leaky modes respectively. 


Example 4.3 


A step index fibar has a cora rafra(jtiva index of 1,5 and a core diameter of BO ^m. 
The fiber is joined with a lateral misalignment between the core axes of 5 ^m. 
Estimate the Insertion lose at the joint due to the lateral mieelignment assuming a 
uniform distribution of power between all ginded modes when: 

(a) there rs a small air pap at ihe joint: 

(bi the \o\nx is considered Index matched. 

So/utlon: (a) The coupling efficiency for a multimode step index fiber with 
uniform Illumination of all propagating modes is given by Eg. {4.14) as: 


“ (1 +lni/o))'‘ 

16(1.6)^ 1 
11 + 1.6)^ n 


{-■(4)-(i)[-(3T) 


* 0.293 |2fl.471) - 0.210.991^} 


-- 0.804 


The insertlorr loss due to lateral misalignment is given by Eq. (4.15) where 


Loss,^ * -10 logio iliat = -10 1og,o 0.804 

*= 0.95 dB 

Hence assuming a small air gap at the joint the Insertion loss is approximately 1 dB 
when the lateral offset is 10% of the fiber diameter. 

(b) When the joint is considered index matched {I.e. no air gap) the coupling 
efficiency may be again obtained from Eq. 4.14 where: 
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= 0-318 {2{1.471) - 0.2[0.99l*} 

- 0.872 

Therefore the insertion loss Is: 

Loss,„ « -10 loQio 0.872 = 0.59 dB 


With index matching the insertion loss at the joint in example 4.3 is reduced 
10 approximately 0.36 dB. It may be not^ that the difference between the losses 
obtained in parts (a) and (b) corresponds to the optical loss due to Fresnel 
reflection at the similar fiber-air-fiber interface determined in example 4.2. 

The result may be checked using the formulae derived by Gloge for a 
multimode step index fiber where the lateral misalignment loss assuming 
uniform illumination of all guided modes is obtained using: 

L, =0.64 =0.64|^j =0.128 

Hence the lateral coupling efTlciency is given by Eq, (4.17) as: 

Til., = 1 - 0.128 = 0.872 

Again using Eq. (4.15), the insertion loss due to the lateral misalignment 
assuming index matching is: 

LosSu„ = -10 logio 0.872 = 0.59 dB 

Hence using the expression derived by Gloge we obtain the same value of 
approximately 0.6 dB for the insertion loss with the inherent assumption that 
there is no change in refractive index at the joint interface. Although this 
estimate of insertion loss may be shown to agree with certain experimental 
results fRef. 61] a value of around I dB insertion loss for a 10% lateral 
displacement with regard to the core diameter (as estimated in example 4.3(a)) 
is more usually found to be the case with multimode step index fibers [Refs. 
59, 72 and 73]. Further it is generally accepted that the lateral offset must be 
kept below 5% of the fiber core diameter in order to reduce insertion loss at a 
joint to below 0.5 dB [Ref. 72|. 


Example 4.4 

A graded index fiber hae a parabolic refractive ir>dex profile (a = 2) and a core 
diameter of 50 Estirrtate the Insertion loss due to e 3 fim lateral misalignment at 
8 fiber joint when there is ir>dex matching and assuming; 

(l) there Is uniform illumination of aH guided modes only: 

(b) there Is uniform lilumination of all guided and leaky modes. 

So/utfon\ (a) Aatumlng uniform IMumtrtetion of guided modes only, the misalign- 
mont lOM miy be obtelned uefrta Ea 14.IB), where 
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= 0.102 


The coupling efftciency is given by Eq. <4.17) as: 

Hia, -= 1 - Z., « 1 - 0-102 = 0 898 

Hence the Insertiort loss due to the lateral misalignmeni \$ given by Eq. (4.15), 
where: 


Lossia, = -10 logio 0-898 = 0.47 dB 

(b) When assuming the unKorm illumination cl both guided and leaky modes 
Gloge's formula becomes: 




* 0.090 


Therefore the coupling efficiency is 

* 1 - 0.090 -» 0.910 
and the Insertion loss due to laterdl misalignment is: 

Loesi^i •'10 lOQio 0 910 — 0.41 d6 


It may be noted by observing Fig. 4.27(a) which shows the measured lateral 
misalignment loss for a 50 ^ diameter graded index fiber that the losses pre¬ 
dicted above are very pessimistic (the loss for 3 nm offset shown in Fig. 4.27(a) 
is less than 0.2 dB). A model which is found to predict insertion loss due to 
lateral misalignment in graded index fibers with greater accuracy was 
proposed by Miller and MetUer [Ref. 661. In this model they assumed the 
power distribution at the fiber output to be of a Gaussian form. Unfortunately 
the analy.sis is too detailed for this text as it involves integration using 
numerical techniques. We therefore limit estimates of insertion losses due to 
lateral misalignment in multimode graded index fibers to the use of Gloge’s 
formula. 

Angular misalignment losses at joints in multimode step index fibers may be 
predicted with reasonable accuracy using an expression for the angular coupl¬ 
ing efficiency given by [Ref. 62|: 


iang 


J6(n,/n)’ 

(1 + (n, /n)r 


[ 


M0 


jw, (2A) 


i 

T 


(4.19) 


where 6 is the angular displacement in radians and A is the relative refractive 
index difference for the fiber. The insertion loss due to angular misalignment 
may be obtained from the angular coupling efficiency in the same manner as 
the lateral misalignment loss following: 

Loss^ « -10 lofio ti.„, 


(4.20) 
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The formulae given in Eqs. (4.19) and (4.20) predict that the smaller the 
values of A the larger the insertion loss due to angular misalignment. This 
appears intuitively correct as small values of A imply small numerical aperture 
fibers which will be more alTectcd by angular misalignment. It is confirmed by 
the measurements shown in Fig. 4.27(b) and demonstrated in example 4.5. 


Example 4.5 

Two multimode step index fibers have numericdl apertures of 0.2 and 0 4 
respectively, and both have the same core refractive index which is 1 48. Estimate 
the insertion loss at a joini in each fiber caused by a 5^ angular misalignment of the 
fiber core exes. It may be assumed that the medium between the fibers is air. 
Solution: The ar^gular coupling efficiency 1$ given by €q, i4.19) as 


16fn,/nr 






KOi (2 A) 


r] 


The numerical aperture is related to the relative refractive index difference following 
Eq. (2.10) where: 


NA or rt| (2 A) 


Hence 


For the 0.2 NA fiber. 


l6(/7i/nl^ r n8 1 
II+(/?i/n))* I itNaJ 

16(1.48)^ r Sit/ISO*! 

“ (1 + 1.48)^ L' «0.2 J 


= 0.797 

The insertion loss due 10 the angular misalignment may be obtained from Eq. 
(4.20), where: 

l-05Sang * “10 logio tfanQ - -10 log^o 0.797 

. 0.98 dB 

For the 0.4 NA fiber: 




[ 6;^180“| 

1- 

rO.4 J 


cs 0.862 

The inieftlon loss due to the angular misalignment is therefore 

LoM^og — -10 logiQ 0.662 
■p0.64dB 
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Hence it may be noted from example 4.5 that the insertion loss due to 
angular misalignment is reduced by using fibers with large numerical 
apertures. This is the opposite trend to the increasing insertion loss with 
numerical aperture for fiber longitudinal misalignment at a joint. 

Misalignment losses at connections in single mode fibers have been 
theoretically considered by Marcuse I Ref. 681 and Gambling el al I Refs. 69 
and 70I. The theoretical analysis which was instigated by Marcuse is based 
upon the Gaussian or near Gaussian shape of the modes propagating in single 
mode fibers regardless of the fiber type (Le. step index or graded index). 
Further development of this theory by Gambling et al. I Ref. 70] gave 
simplified formulae for both the lateral and angular misalignment losses at 
joints in single mode fibers. In the absence of angular misalignment Gambling 
el al, calculated that the loss T, due to lateral offset y was given by: 

7', = 2.17^-^j dB (4.21) 

where coq is the spot size of the fundamental mode. The spot size is usually 
defined as the width to 1/e intensity of the LPqi mode, or in terms of the spot 
size of an incident Gaussian beam which gives maximum launching efficiency 
I Ref. 14]. However, the spot size for the LP^,, mode (corresponds to HE mode) 
may be obtained from the empirical formula (Refs. 68 and 691: 

(0.65+ l.62t^-*- +2.88r^) 
tOo = fl- - - (4.22) 


where coq is the spot size in pm, a is the fiber core radius and y is the nor- 
malized frequency for the fiber. Alternatively the insertion loss caused by 
an angular misalignment 8 (in radians) at a joint in a single mode fiber may be 
given by: 



where is the fiber core refractive index and NA is the numerical aperture of 
the fiber. It must be noted that the formulae given in Eqs. (4.21) and (4.23) 
assume that the spot sizes of the modes in the two coupled fibers are the same. 
Gambling et al I Ref. 70] also derived a somewhat complicated formula which 
gave a good approximation for the combined losses due to both lateral and 
angular misalignment at a fiber joint However they indicate that for small 
total losses (less than 0.75 dB) a reasonable jqDproximation is obtained by 
simply combining Eqs. (4.21) and (4.23). 
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Exampio 4.6 

A single made fiber has the following parameteis: 
normalized frequency {V) = 2.40 
core refractive index {n,) s 1.46 
core diameter {2a) = S^im 

numerical aperture {NA) =0.1 

Estimate the total insertion loss of a fiber joint with a lateral misalignment of 1 
and an angular misalignment of 1^. 

Solution: Initially it is necessary to determine the spot size in the fiber. This may 
be obtained from Eq. (4.22) where: 


(0.65+ 1.62/ ^ ® +2.88/ 


oio 




(0.65+ 1.62(2.4)’*® +2.88(2.4) 


»4 


2’ 


s 3.12 pm 

The loss due to the lateral offset is given by Eq. (4.21) as; 

2 , , V 2 




= 0.22 dS 

The lose due to angular misalignment may be obtained from Eq. (4.23) where: 


7. *2.17 


l ^ny / y 
\ aNA / 


^ 2.17 { 


(n/180) X 3.12 X 1.46 x 2.4 


4x 0.1 


) 


* 0.49 dB 
Hence the total insertion loss is 


Tt -- 7) + *0.22 + 0.49 

0.71 dB 


In this example the loss due to angular misalignment i$ significantly larger 
than that due to lateral misalignment. However^ aside from the actual mag¬ 
nitudes of the respective misalignments, the insertion losses incurred are also 
strongly dependent upon the normalized frequency of the fiber. This is 
especially the case with angular misalignment at a single mode fiber joint 
where insertion losses of less than OJ dB may be obtained when the angular 


pm 
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misalignment is 1® with fibers of appropriate V value. Nevertheless for low 
loss single mode fiber joints it is important that angular alignment is better 
than 1®. 

We have considered in some detail the optical attenuation at fiber-fiber con¬ 
nections. However we have not yet discussed the possible distortion of the 
transmitted signal at a fiber joint Although work in this area is in its infancy, 
increased interest has been generated \rith the use of highly coherent sources 
(injection lasers) and very low dispersion fibers. It is apparent that fiber con¬ 
nections strongly affect the signal transmission causing modal noise (see 
Section 3.11) and nonlinear distortion [Ref. 76| when a coherent light source is 
utUized with a multimode fiber. Also it has been reported [Ref. 77] that the 
transmission loss of a connection in a coherent multimode system is extremely 
wavelength-dependent exhibiting a possible 10% change in the transmitted 
optical wavelength for a very small change (0.001 nm) in the laser emission 
wavelength. Nevertheless it has been found that these problems may be 
reduced by the use of single mode optical fiber [Ref. 761. 

Furthermore the above modal effects become negligible when an incoherent 
source (light emitting diode) is used with multimode fiber. However, in this 
instance there is often some mode conversion at the fiber joint which can make 
the connection effectively act as a mode mixer or filter (Ref. 781. Indications 
are that this phenomenon which has been investigated [Ref. 79] with regard to 
fiber splices, is more pronounced with fusion splices than with mechanical 
splices, both of which are described in Section 4.9. 


4.9 FIBER SPLICES 

A permanent joint formed between two individuai optical fibers in the field or 
factory is known as a fiber ^lice. Fiber splicing is frequently used to establish 
long-haul optical fiber links where smaller fiber lengths need to be joined, and 
there is no requirement for repeated connection and disconnection. Splices may 
be divided into two broad categories depending upon the splicing technique 
utilized. These are fusion splicing or welding and mechanical splicing. 

Fusion splicing is accomplished by applying localized heating (e.g. by a 
flame or an electric arc) at the interface between two butted, prealigned fiber 
ends causing them to soften and fuse. Mechanical splicing, in which the fibers 
are held in alignment by some mechanical means, may be achieved by various 
methods including the use of tubes around the fiber ends (lube splices) or 
V-grooves into which the butted fibers are placed (groove splices). All these 
techniques seek to optimize the splice performance (i.e. reduce the insertion 
loss at the joint) through both fiber end preparation and alignment of the two 
jointed fibers. Typical average splice insertion losses for multimode fibers are 
in the range 0.1-0.2 dB [Ref. 81] which is generally a better performance than 
that exhibited by demountable connections (see Sections 4. KM. 12). It may be 
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noted that the insertion losses of fiber splices are generally much less than the 
possible Fresnel reflection loss at a butted fiber-fiber joint. This is because 
there is no large step change in refractive index with the fusion splice as it 
forms a continuous fiber connection, and some method of index matching (e.g. 
a fluid) tends to be utilized with mechanical splices. However, fiber splicing 
(especially fusion splicing) is at present a somewhat difficult process to 
perform in a field environment and sufTers from practical problems in the 
development of field-usable tools. 

A requirement with fibers intended for splicing is that they have smooth and 
square end faces. In general (his end preparation may be achieved using a suit¬ 
able tool which cleaves the fiber as illustrated in Fig. 4.28 [Ref. 82]. This 
process is often referred to as scribe and break or score and break as it 
involves the scoring of the fiber surface under tension with a cutting tool (e.g. 
sapphire, diamond, tungsten carbide blade). The surface scoring creates failure 
as the fiber is tensioned and a clean, reasonably square Fiber end can be 
produced. Figure 4.28 illustrates this process with the fiber tensioned around a 
curved mandrel. However, straight pull, scribe and break tools are also 
utilized, which arguably give better results [Ref. 831. 


4.9.1 Fusion Splices 

The fusion splicing of single fibers involves the heating of the two prepared 
fiber ends to their fusing point with the application of sufficient axial pressure 
between the two optical fibers. It is therefore essential that the stripped (of 
cabling and buffer coating) fiber aids are adequately positioned and aligned in 
order to achieve good continuity of the transmission medium at the junction 
point. Hence the fibers are usually positioned and clamped with the aid of an 
inspection microscope. 

name heating sources such as microplasma torches (argon and hydrogen) 
and oxhydrie mieroburneri (ox)Yen, hydrogen and alcohol vapor) have been 
utilised with lonrt luoeeii (Ref. 84]. However, the most widely used heating 
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source is an electric arc. This technique offers advantages of consistent, easily 
controlled heat with adaptability for use under field conditions. A schematic 
diagram of the basic arc fusion method is given in Fig. 4.29(a) [Refs. 81 and 
851 illustrating how the two fibers are welded together. Figure 4.29(b) [Ref. 731 
shows a development of the basic arc fusion process which involves the round¬ 
ing of the fiber ends with a low energy discharge before pressing the fibers 
together and fusing with a stronger arc. This technique, known as prefusion, 
removes the requirement for fiber end preparation which has distinct 


Lk'iltodv'fi 
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Fig. 4.29 Electric arc fusion splicing: (a) an example of fusion splicing apparatus [Refa. 

81 and 85]; (b) schematic illustration of the prefusion method for accurattly 
splicing optical fibers (Ref. 73). 
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Fig. 4.30 Self-alignmer%t phenomenon which takes place during fusion splicing; 

(a) before fusion: (b) during fusion; fc) after fusion iRefs, B6, 87 and 88]. 

advantage in the field environment. It has been utilized with multimode fibers 
giving average splice losses of 0.09 dB |Ref. 86). 

Fusion splicing of single mode fibers with typical core diameters between 3 
and 10 ym presents problems of more critical fiber alignment (i.e, lateral 
offsets of less than 1 \im are required for low loss joints). However* splice 
insertion losses below 0.3 dB may be achieved due to a self'dlignment 
phenomenon which partially compensates for any lateral offset. 

Self-alignment, illustrated in Rg. 4.30 I Refs. 85, 87 and 881, is caused by 
surface tension effects between the two fiber ends during fusing. A recently 
reported IRefi 89] field trial of single mode fiber fusion splicing over a 31.6 km 
link gave mean splice insertion losses of 0.18 and 0.12 dB at wavelengths of 
1.3 and 1.55 ^im respectwefy. 

A possible drawback with fusion splicing is that the heat necessary to fuse 
the fibers may weaken the fiber in the vicinity of the splice. It has been found 
that even with careful handling, the tensile strength of the fused fiber may be as 
low as 30% of that of the uncoated fiber before fusion [Ref. 91]. The fiber 
fracture generally occurs in the heat-affected zone adjacent to the fused joint. 
The reduced tensile strength is attributed I Refs. 91 and 92] to the combined 
effects of surface damage caused by handling, surface defect growth during 
heating and induced residential stresses due to changes in chemical composi¬ 
tion. It is therefore necessary that the completed splice is packaged so as to 
reduce tensile loading upon the fiber in the vicinity of the splice. 

4»9.2 Mechanical Splicea 

A number of mechanical techniques for spliemg individual optical fibers have 
been developed. A common method involves the use of an accurately 
produced rigid alignment tube into which the prepared fiber ends are per¬ 
manently bonded. This snug tube q)lice is illustrated in Fig. 4.31(a) [Ref. 94| 
and may utilise a claii or ceramic capillary with an inner diameter just large 
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Fig. 4.31 Techniques for tube splicing of optical fibers: (a) snug tube splice [Ref. 94); 
(b) loose tube splice utilizing square cross section capillary |Ref. 96]. 


enough to accept the optical fiben. Transparent adhesive, (e.g. epoxy resin) is 
injected through a transverse bore in the capillary to give mechanical sealing 
and index matching of the splice. Average insertion losses as low as OJ dB 
have been obtained IRef. 95] with multimode graded index and single mode 
fibers using ceramic capillaries. However, in general, snug tube splices exhibit 
problems with capillary tolerance requirements. 

A mechanical splicing technique which avoids the critical tolerance require¬ 
ments of the snug tube splice is shown in Fig. 4.31(b) I Ref. 961. This loose tube 
splice uses an oversized square section metal tube which easily accepts the pre¬ 
pared fiber ends. Transparent adhesive is first inserted into the tube followed 
by the fibers. The splice is self-aligning when the fibers are curved in the same 
plane, forcing the fiber ends simultaneously into the same corner of the tube, as 
indicated in Fig. 4.31(b). Mean splice insertion losses of 0.073 dB have been 
achieved [Refs. 88 and 97] using multimode graded index fibers with the loose 
tube approach. 

An alternative method of obtaining a light fitting splice is by use of the 
collapsed sleeve splicing technique which is illustrated in Fig. 4.32 [Ref 981. 
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Fig. 4.32 The eollapeed sleeve splicing technique (Ref. 96]. 
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This method utilizes a Pyrex glass sleeve which has a lower melting point than 
the fibers to be jointed. When the sleeve is heated to its softening point it 
collapses due to surface tension, eventually forming a solid rod. Figure 4.32(a) 
shows a partially collapsed Pyrex sleeve formed by local heating of the sleeve. 
With the collapsed sleeve splicing technique the glass sleeve is collapsed 
around one of the prepared fiber ends to form a tight fitting socket as shown in 
Fig. 4.32(b). The second fiber is then inserted into the socket and the whole 
assembly is bonded with epoxy resin as illustrated in Fig. 4.32(c). Hence an 
index matched splice is created. This technique is useful in the splicing of two 
fibers with different diameters. In this case the sleeve is collapsed over the 
larger diameter fiber before the insertion of the second, smaller diameter fiber. 
The collapsing is then continued to form a socket of an appropriate size for a 
close fit to the smaller fiber. Collapsed sleeve splices are generally protected by 
enclosure in a metal ferrule. They have exhibited insertion losses in the range 
0.2-0.3 dB IRef. 591 when using multimode graded index fibers with average 
losses of 0.5 dB in the field. 

Other common mechanical splicing techniques involve the use of grooves to 
secure the fibers to be jointed. A simple method utilizes a V-groove into which 
the two prepared fiber ends are pressed. The V-groove splice which is 
illustrated in Fig. 4.33(a) (Ref. 991 gives alignment of the prepared fiber ends 
through insertion in the groove. The splice is made permanent by securing.the 
Fibers in the V-groove with epoxy resin. Jigs for producing V-groove splices 
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Fig. 4.34 The Spo^groove* splice [Ref. 101): (a) expanded view of the splice; 
ib\ schernatic cro$$ section of the splice. 

have proved quite successfuK giving joint insertion losses of around 0.1 dB 
[Ref. 82], 

V-groove splices formed by sandwiching the butted fiber ends between a V- 
groove glass substrate and a flat glass plate as shown in Fig. 4.33(b) have also 
proved very successful in the laboratory. Splice insertion losses of less than 
0.01 dB when coupling single mode fibers have been reported [Ref. 100] using 
this technique. However, reservations are expressed regarding the field imple¬ 
mentation of these splices with respect to manufactured fiber geometry, and 
housing of the splice in order to avoid additional losses due to local fiber 
bending. 

A slightly more complex groove splice known as the Springroove* splice 
utilizes a bracket containing two cylindrical pins which serve as an alignment 
guide for the two prepared fiber ends. The cylindrical pin diameter is chosen to 
allow the fibers to protrude above the cylinders as shown in Fig. 4,3 4(a) 
I Ref. 101]. An clastic element (a spring) is used to press the fibers into a 
groove and maintain the fiber end alignment as illustrated in Fig. 4.34(b). The 
complete assembly is secured using a drop of epoxy resin. Mean splice inser¬ 
tion losses of 0.05 dB |Rcf. 881 have been obtained using multimode graded 
index fibers with the Springroovc^ splice. A similar mechanical splicing tech¬ 
nique is illustrated in Fig. 4.35 [Ref. 941. In this case the spring is replaced 



Pig. 4.36 The precision pin splice |Ref. 94]. 
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by a third cylindrical pin and the whole assembly is held in place with a heat 
shrinkable sleeve. This precision pin splice has given mean insertion losses of 
around 0.2 dB I Ref. 881 with multimode hbers. 

4«9.3 Multiple Splicee 

Multiple simultaneous splicing has mainly been attempted using mechanical 
splicing methods. Groove splicing techniques have been utilized for the 
simultaneous splicing of an array of flbers within a flat ribbon cable. Figure 
4.36 I Ref. 102) shows a groove splice for a five fiber ribbon cable. It utilizes a 
grooved metal substrate with the groove spacing equal to the spacing of the 
fibers in the array, The plastic coating is removed from the fiber ends and they 
are prepared using a suitable scribe and break tool. Then the two ribbon ends 
are placed into the grooves, the fibers are pressed together and held in position 
with a rubber sheet and a cover plate. Finally epoxy resin is added to provide 
index matching as well as securing a permanent splice. A 12 fiber version of 
this splice using an injection moulded plastic substrate gave an average splice 
loss of 0.2 dB I Ref. 97]. 

A ribbon splice using etched silicon chips is shown in Fig. 4.37 [Ref. 103]. 
Similar chips may be utilized to form a 12 x 12 array of 12 ribbon cables each 
containing 12 fibers IRef. 82]. The whole assembly is clamped together to 
form a single multiple splice. 

Multiple fiber splicing of a circular cross section cable has also been 
achieved. A splice of this type is shown in Fig. 4.38 IRef. 104] and consists of 
matched sets of precision moulded circular collars (one shown) which contain 
a series of grooves around the circumference. The fibers are inserted into the 
precision grooves and bonded with adhesive. They are then cut, polished and 
covered with index matching material at the jointing ends, before the two 
collars are brought together and fastened with semicylindrical shells and pins. 


puts' pMin mWter 



Flo* 4.36 Multiple fiber epllclnp cxI fiber ribbon cable using a groove alignment technique 
[Ref. 102]./ 
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Fig. 4.37 Multiple fiber splicing of stacked ribbon cables using precision multl-V*groove 
silicon chips [Ref. 103). 
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Fig. 4.38 Cross section of the star-core cable for multiple fiber mechanical splicing [Ref. 
104). 


When the two grooved collars are produced from a single piece of alumina, 
average splice insertion losses of 0.3 dB [Ref. 88] have been obtained with 
multimode step index fibers. 


4.10 FIBER CONNECTORS 

Demountable fiber connectors are more difficult to achieve than optical fiber 
splices. This is because they must maintain similar tolerance requirements to 
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splices in order to couple light between fibers efficiently, but they must 
accomplish it in a removable fashion. Also the connector design must allow for 
repeated connection and disconnection without problems of fiber alignment 
which may lead to degradation in the performance of the transmission line at 
the joint. Hence to operate satisfactorily the demountable connector must 
provide reproducible accurate aliment of the optical fibers. 

In order to maintain an optimum performance the connector must also 
protect the fiber ends from damage which may occur due to handling (connec¬ 
tion and disconnection), must be insensitive to environmental factors (e.g. 
moisture and dust) and must cope with tensile load on the cable. Additionally, 
the connector should ideally be a low cost component which can be fitted with 
relative ease. Hence optical fiber connectors may be considered in three major 
areas, which are: 

(a) the fiber termination which protects and locates the fiber ends; 

(b) the fiber end alignment to provide optimum optical coupling; 

(c) the outer shell which maintains the connection and the fiber alignment, 
protects the fiber ends from the environment and provides adequate 
strength at the joint. 

The use of an index matching material in the connector between the two 
jointed fibers can assist the connector design in two ways. It Increases the light 
transmission through the connection whilst keeping dust and dirt from between 
the fibers. However, this design aspect is not always practical with demount¬ 
able connectors, especially where fluids arc concerned. Apart from problems 
of sealing and replacement when the joint is disconnected and reconnected, 
liquids in this instance may have a detrimental affect, attracting dust and dirt 
to the connection. 

There are a large number of demountable single fiber connectors, both com¬ 
mercially available and under development, which have insertion losses in the 
range 0.2-3 dB. Fiber connectors may be separated into two broad categories: 
butt jointed connectors and expanded beam connectors. Butt jointed con¬ 
nectors rely upon alignment of the two prepared fiber ends in close proximity 
(butted) to each other so that the fiber core axes coincide. Expanded beam 
connectors utilize interposed optics at the joint (i.c. lenses or tapers) in order to 
expand the beam from the transmitting fiber end before reducing it again to a 
size compatible with the receiving fiber end. 

4.11 BUTT JOINTED CONNECTORS 

Butt jointed connectors are the most widely used connector type and a sub- 
itantial number have been reported. In this section we review some of the more 
common butt jointed connector designs which have been developed primarily 
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for use with multimode fibers. Nevertheless in certain cases as indicated in the 
text, similar designs have been used successfully with single mode fibers. 

4.11.1 Ferrule Connector 

The basic ferrule connector (sometimes referred to as a concentric sleeve con¬ 
nector). which is perhaps the simplest opdcal fiber connector design, is 
illustrated in Fig, 4,39(a) I Ref. 58]. The two fibers to be connected arc per¬ 
manently bonded (with epoxy resin) in metal plugs known as ferrules which 
have an accurately drilled central hole in their end faces where the stripped (of 
buffer coating) fiber is located. Within the connector the two ferrules are 
placed in an alignment sleeve which« using accurately machined components, 
allows the fiber ends to be butt jointed. The ferrules are held in place via a 
retaining mechanism which in the example shown in Fig. 4.39(a) is a spring. 

It is essentia! with this type of connector that the fiber end faces are smooth 
and square (i.e. perpendicular to the fiber axis). This may be achieved with 
varying success by either: 

(a) cleaving the fiber before insertion into the ferrule; 

(b) inserting and bonding before cleaving the fiber close to the ferrule end face; 
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(c) using either (a) or (b) and polishing the fiber end face until it is flush with 
the end of the ferrule. 

Polishing the fiber end face after insertion and bonding provides the best 
results but it tends to be time-consuming and inconvenient especially in the 
field. 

The fiber alignment accuracy of the basic ferrule connector is largely 
dependent upon the ferrule hole into which the fiber is inserted. Hence some 
ferrule connectors incorporate a watch jewel in the ferrule end face G^welled 
ferrule connector) as illustrated in Fig. 4J9(b) [Ref. 591. In this case the fiber 
is centered with respect to the ferrule through the watch jewel hole. The use of 
the watch jewel allows the close diameter and tolerance requirements of the 
ferrule end face hole to be obtained more easily th^ simply through drilling of 
the ferrule end face alone. Nevertheless, typical concentricity errors between 
the fiber core and the outside diameter of the jewelled ferrule are in the range 
2-6 giving insertion losses in the range l-2dB with multimode step index 
fibers. 

4.11,2 Biconical Connactor 

A ferrule type connector which is widely used as part of jumper cable in a 
variety of applications in the Bell system is the biconical plug connector 
[Refs. 81 and 105], The plugs are either transfer moulded directly onto the 
fiber or cast around the fiber using a silica-loaded epoxy resin ensuring con¬ 
centricity to within J mn. After plug attachment, the fiber end faces are 
polished before the plugs are inserted and aligned in the biconical moulded 
center sleeve as shown in Fig. 4.401 Ref. 81). Mean insertion losses as low as 
0.21 dB have been reported (Ref. 105) when using this connector with 50 pm 
core diameter graded index fibers. In the original design transparent silicone 
resin pads were placed over the fiber end faces to provide index matching. 
However, currently the polished fiber end faces are butted directly, the gap and 
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4.40 Croat Motion of tht biconical connector [Refs. 81 and 105], 
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parallelism of the end faces being controlled to a degree that gives insertion 
losses better than the level normally exhibited by Fresnel reflection. 

4.11.3 Ceramic Capillary Connector 

An approach giving accurate femile alignment is used in the ceramic capillary 
connector shown in Fig. 4.41 [Refs. 107 and 108). The special feature of this 
concentric sleeve connector is the mounting of the optical fiber in a ceramic 
capillary which is set in the lip of the ferrule. This gives accurate positioning of 
the fiber core and allows the fiber end face to take a good polish. Average 
insertion losses of 0.4 dB have been reported [Ref. 107] when using multimode 
fibers. This connector has also been used for the coupling of single mode fibers 
giving average insertion losses of 0.5 dB [Ref. 108] when using a ID pm core 
diameter step index fiber operating at a wavelength of 1,3 pra. 


Xul>b«r ciamp 
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pin 
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'i 
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Fig. 4.41 The ceramic capillary connector showir^g the lerrule plug and the adaptor into 
which two pluge ere located [Refs. t07 and 10B|. 


4.11.4 Doublo Eccentric Connector 

The double eccentric connector does not rely on a concentric fixed sleeve 
approach but is adjustable, allowing close alignment of the fiber axes. The 
mechanism, which is shown in Fig. 4.42 [Refs. 58 and 62], consists of two 
eccentric cylinders within the outer plug. It may be observed from Fig. 4.42 
that the optical fiber is mounted eccentrically within the inner cylinder. 
Therefore when the two connector halves are mated it is always possible 
through rotation of the mechanism to make the fiber core axes coincide. This 
operation is performed on both plugs using either an inspection microscope or 
a peak optical adjustment. The mechanisms are then locked to give permanent 
alignment. This connector type has exhibited mean insertion losses of 0.48 dB 
with multimode graded index fibers: use of index matching fluid within the 
connector has reduced these losses to 0.2 dB. The double eccentric connector* 
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Fig. 4.42 Structure of the double eccentric connector plug \M%. 58 and 62). 


design has also been utilized with single mode fibers where its adjustable 
nature has proved advantageous for alignment of the small core diameter 
fibers. 


4.11.8 Triple Ball Connector 

There are a number of connectors which utilize kinematic design principles. A 
noteworthy example developed by British Telecom is the triple ball connector 
illustrated in Fig.4.43 [Ref. 109]. Three accurately ground tungsten spheres 




Pig. 4.43 


(jj 


ib) 


The triple ball connector [Ref. 1091; (a) connector cross section showing the 
loceilon of the fiber In a groove between three contacting balls; (b) plan view 
of the connector chowlng the two Interioclung eete of three balls and the posi¬ 
tion of thf fiber inde. 
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gripping the fiber are housed in a bush as shown in Fig. 4.43(a). Two sets of 
the spheres are nested together with a relative rotation of 60® (Fig. 4.43(b)) 
bringing the two butt jointed fibers into alignment. The reported [Ref. 109] 
average insertion loss using multimode step index fibers is 0.49 dB without 
index matching and 0.18 dB with matching. A recent improvement to this con¬ 
nector is described in Section 4.12. 

4.11«6 Single Mode Fiber Comiector 

Although the ceramic capillary and die double eccentric connector have been 
utilized with single mode fibers they were not initially designed for this 
purpose. A connector which was designed specifically for use with single mode 
fibers is illustrated in Fig. 4.44 |Ref. 1101. It consists of a pair of fiber plugs 
and a sleeve with ball bearing arrays on its inside surface. These ball bearings 
provide plug alignment accuracy as well as smooth detachment. Each fiber 
plug contains two eccentric tubes which by means of rotation allow the single 
mode fiber to be accurately centered within the plug. 

Average insertion losses of 0.46 dB I Ref. 110) were encountered with the 
connector when using 5.7 pm core diameter (150 pm cladding diameter) single 
mode fiber. A development (Ref. 1101 of this connector design using a simpler 
cylindrical plug structure (not requiring eccentric tubes) with an accurately 
machined hole to locale the fiber exhibited similar average insertion losses 
(0.47 dB). However, the simpler plug design makes connector assembly 
possible without special equipment, making it far more convenient for practical 
use. 



Fig. 4.44 Single mode optical fiberconnectorstructure [Ref. 1 tOj. 


4.11»7 Multiple Connectors 

In comparison with the large number of single fiber connectors few multiple 
fiber connectors have been developed to date. Nevertheless two multiple con¬ 
nector designs suitable for jointing ribbon fiber cable are illustrated in Fig. 4.45 
[Refs. 112 and 1131. The connector shown in Fig. 4.4S(a) employs plastic 
moulded multiple terminations which are jointed in an alignment sleeve con¬ 
sisting of grooved silicon chips. This technique is very similar to the multiple 
groove splicing methods for ribbon cable described in Section 4.9.3. Using 
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Fig. 4.45 


Multiple fiber conr>ectors: (a) connector with grooved alignment sleeve and 
moulded fiber ribbon end terminations |Ref. 112]; fb) fiber ribbon connector 
using V-grooved silicon chip [Ref. 1131. 


multimode graded index fibers, insertion losses in the range 0.2-0.32 dB were 
obtained [Ref. 112] with this device. 

Figure 4.45(b) also shows a multiple connector design which utilizes 
V-grooved silicon chips. However, in this case ribbon fibers are mounted and 
bonded in the V-grooves in order to form a plug together with precision metal 
guiding rods and coil springs. The butt jointed fiber connections are 
accomplished by butt jointing the two pairs of guiding rods in slitted sleeves 
located in the adaptor also shown in Fig. 4.45(b). This connector exhibited 
average insertion losses of 0.8 dB which were reduced to 0.4 dB by the use of 
index matching fluid. 
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4.12 EXPANDED BEAM CONNECTORS 

An alternative to connection via direct butt joints between optical fibers is 
offered by the principle of the e^tpanded beam. Fiber connection utilizing this 
principle is illustrated in Fig. 4.46 which shows a connector consisting of two 
lenses for collimating and refocusing the light from one fiber into the other. 
The use of this interposed optics makes the achievement of lateral alignment 
much less critical than with a butt jointed fiber connector. Also the 
longitudinal separation between the two mated halves of the connector ceases 
to be critical. However, this is achieved at the expense of more stringent 
angular alignment. Nevertheless, expanded beam connectors are useful for 
multifiber connection and edge connection for printed circuit boards where 
lateral and longitudinal alignment are frequently difficult to achieve. 

Two examples of lens coupled expanded beam connectors are illustrated in 
Fig. 4.47 [Refs. 114 and 1J5]. The connector shown in Fig. 4.47(a) utilizes 
spherical microlenses for beam expansion and reduction. It exhibited average 
losses of I dB which were reduced to 0.7 dB with the application of an 
antireflection coating on the lenses and the use of 50 core diameter graded 
index fiber. Figure 4.47(b) shows an improvement on the triple ball connector 
(Section 4.11.5) which utilizes a glass bead lens formed on the end of each 
fiber. This is achieved using an electric arc discharge, and the beads assist the 
centering of the fiber ends between the clusters of spheres. The bead lens 
reduces the need for index matching within the connector and gives average 
insertion losses of 0.$ dB with multimode fibers. It has also been used with 
single mode fibers [Refs. 116 and 1171 exhilMting losses in the range 1-2 dB 
due to the greater alignment difficulties with the smaller core diameter fiber. 

Tapers have also been utilized to provide expanded beam fiber connection. 
A cladded fiber taper is shown in Fig. 4.48 IRef. 1181. It is fused lo the end 
face of each of the fibers to be connected which increases the optical beam 
width at the connection by several times. The two tapers are butt jointed in 
order to complete the expanded beam connector. As with the lens connectors, 
the increased beam diameter reduces the effect of dust and dirt on connector 
loss. However, the difiiculties involved in producing accurately dimensioned 
tapers currently preclude wide use of this connector type. 



Fig. 4.44 Schematic Illustration of an expanded beam connector showing the principle 
of operation. 
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Lens coupled expanded beam conneclora: (a) schematic diagram of a con¬ 
nector with two microlenses making a 1:1 image of the emitting fiber upon 
the receiving one |Ref. 114|: (b) triple ball, fiber bead connector [Ref. 11 5|. 
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Pig. 4.48 Expanded beam connector using tapers [Ref. 11d|. 


PROBLEMS 


4*1 Describe in general terms liquid i^ase techniques for the preparation of 
, multicomponent glasses for optical fibers. Discuss with the aid of a suitable 
dliiraffl on# melting method for the preparation of multicomponent glass. 
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4.2 Indicate the major advantages of vapor phase deposition in the preparation of 
glasses for optical fibers. Briefly describe the various vapor phase techniques 
currently in use. 

4.3 (a) Compare and contrast, using suitable diagrams, the outside vapor phase 

oxidation (OVPO) process and the modified chemical vapor deposition 
(M,CVD) technique for the preparation of low loss optical fibers. 

(b) Briefly describe the salient features of vapor axial deposition (V AD) and 
the pi asm a-activated chemical vapor deposition (PCVD) when applied to 
the preparation of optical fibers. 

4.4 Discuss the drawing of optical fibers from prepared glasses with regard to: 

(a) multicomponent glass fibers; 

(b) silica-rich fibers. 

4.5 List the various optical fiber types currently on the market indicating their 
important features. Hence briefly describe the general areas of application for 
each type. 

4.6 Briefly describe the major reasons for the cabling of optical fibers which are to 
be placed in a field environment. Thus state the functions of the optical fiber 
cable. 

4.7 Explain how the Griffith theory is developed in order to predict the fracture 
stress of an optical fiber with an elliptical crack. 

Silica has a Young's modulus of 9 x 10^^ N and a surface energy of 
2.29 J. Estimate the fracture stress in psi for a silica optical fiber with a 
dominant elliptical crack of depth 0.5 pm. Also determine the strain at the 
break for the fiber (I psi ■6894.76 N m“^). 

4.8 Another length of the optical fiber de.scribed in problem 4.7 is found to break 
at 1% strain. The failure is due to a single dominant elliptical crack. Estimate 
the depth of this crack. 

4.9 Describe the effects of stress corrosion on optical fiber strength and durability. 

It is found that a 20 m length of fused silica optical fiber may be extended to 
24 m at liquid nitrogen temperatures (Le. little stress corrosion) before failure 
occurs, Estimate (he fracture stress in p$i for the fiber under these conditions. 
Young’s modulus for silica is 9 x 10*® N m“^ and ! psi s 6894.76 N m"^, 

4.10 Discuss optical fiber cable design with regard to: 

(a) fiber buffering; 

(b) cable strength and structural members; 

(c) cable sheath and water barrier. 

Further, compare and contrast possible cable designs for multi fiber cables. 

4.11 State the two major categories of fiber-fiber joint, indicating the difTerences 
between them. Briefly discuss the prc^lem of Fresnel reflection at all types of 
optica] fiber Joint, and indicate how it may be avoided, 

A silica multimode step index fiber has a core refractive index of 1.46. Deter¬ 
mine the optical loss in decibris due to Fresnel refiection at a fiber joint with: 

(a) a small air gap; 

(b) an index matching epoxy which has a refractive index of 1.40. . 


* . 
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It may be assumed that the fiber axes and end faces are perfectly aligned at the 
joint. 

4.12 The Fresnel reflection at a butt jdnt with an air gap in a multimode step 
index fiber is 0.46 dB. Determine the reflective index of the fiber core. 

4.13 Describe the three types of fiber misal^ment which may contribute to inser¬ 
tion loss at an optica! fiber joint. 

A step index fiber with a 200 \un core diameter is butt jointed. The joint 
which is index matched has a lateral offset of fOiim but no longitudinal or 
angular misalignment. Using two methods, estimate the insertion loss at the 
joint assuming the uniform illumination of all guided modes. 

4.14 A graded index fiber has a characteristic refractive index profile (a) of 1.85, 
and a core diameter of 60 pm. Estimate the insertion loss due to a 5 pm lateral 
offset at an index matched fiber jdnt assuming the uniform illumination of all 
guided modes. 

4.1 5 A graded Index fiber with a parabolic refractive index profile (a = 2) has a core 
diameter of 40 pm. Determine the difference in the estimated insertion losses at 
an index matched fiber joint with a lateral olTset of 1 pm (no longitudinal or 
angular misalignment). When performing the calculation assume (a) the 
uniform illummatjon of only the guided modes and (b) the uniform illumination 
of both guided and leaky modes. 

4.1 6 A graded index fiber with a 50 pm core diameter has a characteristic refractive 
index profile (a) of 2.25. The fiber is jointed with index matching and the connec¬ 
tion exhibits an optical loss of 0.62 dB. This is found to be solely due to a lateral 
offset of the fiber ends. Estimate the magnitude of the lateral offset assuming the 
uniform illumination of all guided modes in the fiber core. 

4.1 7 A step index fiber has a core refractive index of 1.47, a relative refractive index 
difference of 2% and a core diameter of 80 pm. The fiber is Jointed with a 
lateral offset of 2 pm. an angular misalignment of tht core axes of 3^ and a 
small air gap (no longitudinal misal^nment). Estimate the total insertion loss 
at the joint which may be assumed to comprise the sum of the misalignment 
losses. 

4»18 Describe what is meant by the fuskm slicing of optical fibers. Discuss the 
advantages and drawbacks of this jointing technique. 

A multimode step index fiber with a core refractive index of 1.52 is fusion 
spliced. The splice exhibits an insertion loss of 0.8 dB. This insertion loss is 
found Co be entirely due to the angular misaUgnment of the fiber core axes 
which is 7®. Determine the numerical aperture of die fiber. 

4»19 Describe, with the aid of suitable diagrams, three common techniques used for 
the mechanical splicing of optical fibers.. 

A mechanical splice in a multimode step index fiber has a lateral offset of 
16% of the fiber core radius. The fiber core has a refractive index of 1.49, and 
tn index matching fluid with a refractive index of 1.45 is inserted in the splice 
between the buu jested fiber ends. Aeeuming no longitudinal or angular mis- 
iihnmiwti uttmati ibe Ineenlcii Iom of the splice. 
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4.20 Discuss the principles of operation of the two major categories of demountable 
optical fiber connector. Describe in detail a common technique for achieving a 
butt jointed fiber connector. 

A butt jointed fiber connector used on a multimode step index fiber with a 
core refractive index of 1.42 and a relative refractive index difference of )% 
has an angular misalignment of 9®. There is no longitudinal or lateral misalign¬ 
ment but there is a small air gap between the fibers in the connector- Estimate 
ilic insertion loss ot‘ the connector. 

4.21 Briefly describe the types of demountable connector that may be used with 
single mode fibers. Further, indicate the problems involved with the connection 
of single mode fibers. 

A single mode liber connector is used with a 6 pm core diameter silica 
(refractive index 1.4b) step index-fiber which has a normalized frequency of 
2.2 and a numerical aperture of 0.09. The connector has a lateral ofTsei of 
0.7 pm and an angular misalignment of 0.8®. Estimate the total insertion loss 
of the connector assuming that the joint is index matched and that there is no 
longitudinal misalignment. 

4.22 A 10 pm core diameter «ngle mode fiber has a normalized frequency of 2,0. A 
fusion splice at a point along its length exhibits an insertion loss of 0.15 dB. 
Assuming only lateral misalignment contributes to the splice insertion loss, 
estimate the magnitude of ihe lateral misalignment 

4.23 A 5 pm core diameter single mode step index fiber has a normalized frequency 
of 1.7, a core refraetive index of 1.48 and a numerical aperture of 0. U. The 
loss in decibels due to angular misalignment at a fusion splice with a lateral 
offset of 0.4 pm is twice that due to ihc lateral offset. Estimate the magnitude 
in degrees of the angular misalignment 

4.24 Given the following parameters for a single mode step index fiber with a fusion 
splice estimate (a) the fiber core diameter; and (b) the numerical aperture for 
the fiber. 

Fiber normalized frequency = 1.9 
Fiber core refractive index — 1.46 
Splice lateral offset = 0.5 pm 
Splice lateral olTset loss » 0.05 dB 
Splice angular misalignment = 0.3® 

Splice angular misalignment loss » 0.04 dB 


Answers to Numerical Problems 


4.7 

7.43 X 10“ psi, 0.6% 

4.16 

4.0 pm 

4.8 

0.2 pm 

4,17 

0.71 dB 

4.9 

2.61 X 10*’ psi 

4.1B 

0.35 

4.11 

(a) 0.31 dB; 

4.19 

0.47 dB 


(b) 3.8 X 10 dB 

4.20 

1.51 dB 

4.12 

1.59 

4.21 

0.54 dB 

4.13 

0.29 dB 

4.22 

1.2 pm 

4.14 

0.67 dB 

4,23 

0.65® 

4.16 

(a) 0.19 dB; 

4.24 

(a) 7,0 pm; 


(b) 0.17 dB; difference 0.02 dB 


(b) 0.10 
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Optical Fiber Measurements 


5.1 INTRODUCTION 

In this chapter we are primarily concerned with measurements on optical 
fibers which characterize the fiber. These may be split into three main areas: 

(a) transmission characteristics; 

(b) geometrical and optical characteristics; 

(c) mechanical characteristics. 

Data in these three areas are usually provided by the optical fiber 
manufacturer with regard to specific fibers. Hence fiber measurements are 
generally performed in the laboraiory and techniques have been developed 
accordingly. This information is essential for the optical communication 
system designer in order that suitable choices of fibers, materials and devices 
may be made with regard to the system application. However, although the 
system designer and system user do not usually need to take fundamental 
measurements of the fiber characteristics there is a requirement for field 
measurements in order to evaluate overall system performance, and for func¬ 
tions such as fault location. Therefore we also include some discussion of field 
measurements which lake into account the effects of cabled fiber, splice and 
connector losses, etc. 

There are a number of major techniques used for the laboratory measure¬ 
ment of the various fiber characteristics. The transmission characteristics of 
greatest interest are those of optical attenuation and dispersion (bandwidth), 
whereas the important geometrical and optical characteristics include size 
(core and cladding diameters), numerical aperture and refractive index profile. 
Measurements of the mechanical characteristics such as tensile strength and 
durability were outlined in Section 4.6.1 and are therefore pursued no further 
in this chapter. 

When attention is focused on the measurement of the transmission 
properties of multimode fibers, problems emerge regarding the large number of 
modes propagating in the fiber. The various modes show individual differences 
with regard to attenuation and dispersion within the fiber. Moreover, mode 
coupling occurs giving transfer of energy from one mode to another (see 
Swtton 2;3»7). The mode coupling which is associated with perturbations in 
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the fiber composition or geometry, and external factors such as microbends or 
splices, is for instance responsible for the increased attenuation (due to radia¬ 
tion) of the higher order modes. TTiese multimode propagation effects mean 
that both the fiber loss and bandwidth sire not uniquely defined parameters but 
depend upon the fiber excitation conditions and environmental factors such as 
cabling, bending, etc. Also these transmission parameters may vary along the 
fiber length (i.c. they are not necessarily linear functions) due to the multimode 
propagation effects, making extrapolation of measured data to different fiber 
lengths less than meaningful. 

It is therefore important that transmission measurements on multimode 
fibers are performed in order to minimize these uncertainties. In the 
laboratory, measurements are usually taken on continuous lengths of uncabled 
fiber in order to reduce the influence of external factors on the readings (this 
applies to both multimode and single mode fibers). However, this docs mean 
that the system designer must be aware of the possible deterioration in the fiber 
transmission characteristics within the installed system. The multimode 
propagation effects associated wiih fiber perturbations may be accounted for 
by allowing or encouraging the mode dLstribution to reach a steady-state 
(equilibrium) distribution. This distribution occurs automatically after 
propagation has taken place over a certain fiber length (coupling length) 
depending upon the strength of the mode coupling within the particular fiber. 
At equilibrium the mode dislribution propagates unchanged and hence the 
fiber attenuation and dispersion assume well-defined values. These values of 
the transmission characteristics are considered especially appropriate for the 
interpretation of measurements to long-haul links and do not depend on 
particular launch conditions. 

The equilibrium mode distribution may be achieved by launching the optical 
signal through a long (dummy) fiber to the fiber under test. This technique has 
been used to good efleci [Ref I] but may require several kilometers of dummy 
fiber and is therefore not suitable for dispersion measurements. Alternatively 
there are a number of methods of simulating the equilibrium mode distribution 
with a much shorter length of fiber. Mode cquilibriunYmay be achieved using 
an optical source with a mode output which correspo''nds to the steady-state 
mode distribution of the fiber under test. This technique may be realized 
experimentally using an optical arrangement which allows the numerical 
aperture of the launched beam to be varied (using diaphragms) as well as the 
spot size of the source (using pinholes). In this case the input light beam is 
given an angular width which is equal to the equilibrium distribution numerical 
aperture of the fiber and the source spot size on the fiber input face is matched 
lo the optical power distribution in a cross section of the fiber at equilibrium. 

Other techniques involve the application of strong mechanical perturbations 
on a short section of the fiber in order to quickly induce mode coupling and 
hence equilibrium mode distribution within 1 m. These devices which simulate 
mode equilibrium over a short length of fiber are known as mode scramblerror 
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mode mixers. A simple method [Ref. 2] is to sandwich the fiber between two 
sheets of abrasive paper (i.e. sandpaper) placed on wooden blocks in order to 
provide a suitable pressure. Two slightly more sophisticated techniques are 
illustrated in Fig. 5.1 [Refs. 3 and 4|. 

Figure 5.1(a) shows mechanical perturbations induced by enclosing the 
fiber with metal wires and applying pressure by use of a surrounding heat 
shrinkable tube. A method which allows adjustment and therefore an improved 
probability of repeatable results is shown in Fig. 5.1(b). This technique 
involves inserting the fiber between a row of equally spaced pins, subjecting it 
to sinusoidal bends. Hence the variables are the number of pins giving the 
number of periods, the pin diameter d and the pin spacing s. 

In order to test that a particular mode scrambler gives an equilibrium mode 
distribution within the test fiber, it is necessary to check the insensitivity of the 
far field radiation pattern (this is related to the mode distribution, see Section 
2.3.6) from the fiber with regard to changes in the launch conditions. It is also 
useful to compare the far field patterns from the mode scrambler and a 
separate long length at the lest fiber for coincidence IRef. 11. However, it must 
be noted that at present mode scramblers tend to give only an approximate 
equilibrium mode distribution and their effects vary with different fiber types. 
Hence measurements involving the use of different mode scrambling methods 
can be subject to discrepancies. Nevertheless, the majority of laboratory 
measurement techniques to ascertain the transmission characteristics of multi- 
mode optical fibers use some form of equilibrium mode simulation in order to 
give values representative of long transmission lines. 

We commence the discussion of optical fiber measurements in Section 5.2 
by dealing with the major techniques employed in the measurement of fiber 
attenuation. These techniques include measurement of both total fiber attenua¬ 
tion and the attenuation resulting from individual mechanisms within the fiber 
(e.g. material absorption, scattering). In Section 5.3 fiber dispersion measure¬ 
ments in both-the time and frequency domains arc discussed. Various tech¬ 
niques for the measurement of the fiber refractive index profile are then con- 

, , f _ Fibc/ 
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Pig. M Mode ioreiTtOlere; <a) heat shrinking technique IRef. 3I; lb) bending technique 
[Ref. 4I. 
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sidered in Section 5.4. In Section 5.5 we discuss two simple methods for 
measuring the fiber numerical aperture. Measurement of the fiber outer 
diameter is then dealt whh in Section 5.6. Finally, field measurements which 
may be performed on optical fiber links, together with examples of measure¬ 
ment instruments, are discussed in Section 5.7. Particular attention is paid in 
this concluding section to optical time domain refiectometry (OTDR). 


5.2 FIBER ATTENUATION MEASUREMENTS 

Fiber attenuation measurements techniques have been developed in order to 
determine the total fiber attenuation of the relative contributions to this total 
from both absorption losses and scattering losses. The overall fiber attenuation 
is of greatest interest to the system designer, but the relative magnitude of the 
different loss mechanisnts is important in the development and fabrication of 
low loss fibers. Measurement techniques to obtwn the total fiber attenuation 
give either the spectra) loss characteristic (see Fig. 3.3) or the loss at a single 
wavelength (spot measurement). 

5.2.1 Total Fibar Attenuation 

A commonly used technique for determining the total fiber attenuation per unit 
length is the cut back or dilTerential method. Figure 5.2 shows a schematic 
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diagram of the typical experimental set-up for measurement of the spectral loss 
to obtain the overall attenuation spectrum for the fiber. It consists of a 'white’ 
light source, usually a tungsten h^Uogen or xenon arc lamp. The focused light is 
mechanically chopped at a low frequency of a few hundred hertz. This enables 
the lock-in amplifier at the receiver to perform phase-sensitive detection. The 
chopped light is then fed through a monochromator which utilizes a prism or 
diffraction grating arrangement to select the required wavelength at which the 
attenuation is to be measured. Hence the light is filtered before being focused 
onto the fiber by means of a microscope objective lens. A beam splitter may be 
incorporated before ihe fiber to provide light for viewing optics and a reference 
signal used to compensate for output power fluctuations. As indicated in 
Section 5.1. when the measurement is performed on multimode fibers it is very 
dependent on the optical launch conditions. Therefore unless the launch optics 
are arranged to give the steady-state mode distribution at the fiber input, or a 
dummy fiber is used, then a mode scrambling device is attached to the fiber 
within the first meter. The fiber is also usually put through a cladding mode 
stripper, w^hich may consist of an S-shaped groove cut in the Teflon and filled 
with glycerin. This device removes light launched into the fiber cladding 
through radiation into the index matched (or*slightly higher refractive index) 
glycerin. A mode stripper can also be included at the fiber output end to 
remove any optica! power which is scattered from the core into the cladding 
down the fiber length. This tends to be pronounced when the fiber cladding 
consists of a low refractive index silicone resin. 

The optical power at the receiving end of the fiber is detected using a p-i-n 
or avalanche photodiode. In order to obtain reproducible results the photo- 
detector surface is usually index matched to the fiber output end face using 
epoxy resin or an index matching cell I Ref. 51. Finally the electrical output 
from the phoiodeiector is fed to a lock-in amplifier; the output of which is 
recorded. 

The cut back method involves taking a set of optical output power measure¬ 
ments over the required spectrum using a long length of fiber (usually at least a 
kilometer). This fiber is generally uncabled having only a primary protective 
coating. Increased tosses due to cabling (see Section 4.6.2) do not tend to 
change the shape of the attenuation spectrum as they are entirely radiative, 
which for multimode fibers arc almost wavelength independent. The fiber is 
then cut back to a point a few meters (e.g. 3 m) from the input end and, 
maintaining the same launch conditions, another set of power output measure¬ 
ments are taken. The following relationship for the optical attenuation per unit 
length a^B for the fiber may be obtained from Eq. (3.3): 

10 Pm 

a<iB =7 -r->og,o— (5 1) 

L] —L2 r [j, 

Li And L\ Are the orlglnAl tnd cut back fiber lengths respectively, and ?oi 
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^02 are the corresponding output optical powers at a specific wavelength from 
the original and cut back fiber lengths. Hence when L, and Z .2 arc measured in 
kilometers, has units of dBkm 

Furthermore Eq. (5.1) may be written in the form: 

10 

<^H=- -— log.o— (5.2) 

L^ - L2 r ^ 

where and correspond to output voltage readings from the original fiber 
length and the cut back fiber length respectively. The electrical voltages K, and 
V 2 may be directly substituted for the optical powers and Fq: (^*0 

as they are directly proportional to these optical powers (see Section 7.4.3). 
The accuracy of the results obtained for Ojb using this method is largely 
dependent on constant optical launch conditions and the achievement of the 
equilibrium mode distribution within the fiber. It is indicated [Refs. 6 and 7] 
that for constant launch conditions may be determined with a precision of 
around ±0.1 dB over 1 km lengths of fiber. Alternatively the total uncertainty 
in the measured attenuation is quoted IRcf. 81 as ±0.2/(Lj -L 2 )dBkm’^ 
where Li and Li are in kilometers. Hence the approximate uncertainty for a 
1km fiber length is ±0.2dBkm'‘. 


Example S.1 


A 2 km length of multimocie aitached to apparatus for spectral loss measure 

ment. The meaeuren output voltage from the photoreceiver using the full 2 km fiber 
length Is 2.1 V at a wavelength of 0.85 pm. Wlien th^ fiber is then cut back to l^avH 
8 3m length the output voltage increases to 10.5 V. Ooicrmlno the attenuation per 
kilometer for the fiber at a wavelength of 0 85 and csUmate The eccurncy of the 
result. 

Sofut/on: The attenuation per kilometer may be obtained from Eq (5.2) where: 


10 Vj 

«<1B --— 


10 


1.997 


log 


10 


10.5 

2.1 


* 3.5 dB km ’ 

The uncertainty in the measured attenuation may be estimated using: 


± 0.2 + 0.2 

Uncertainty “-**-a: +0.1 dB 

L^-Lg 1997 


The dynamic range of the measurements that may be taken depends upon 
the exact configuration of the apparatus utilized, the optical wavelength and 
the fiber core diameter. However, a typical dynamic range is in the region 
30-40 dB when using a white l^ht source at a wavelength of 0.85 pm and 
multimode fiber with a core diameter around 50 pm. This may be increased to 





OPTICAL FIBER MEASUREMENTS 


189 


around 60 dB by use of a laser source operating at the same wavelength. It 
must be noted that a laser source is only suitable for making a single 
wavelength (spot) measurement as it does not emit across a broad band of 
spectral wavelengths. 

Spot measurements may be performed on ah experimental set-up similar to 
that shown in Fig. 5.2. However interference filters ^u*e frequently used instead 
of the monochromator in order to obtain a measurement at a particular optical 
wavelength. These provide greater dynamic range (IO-l5dB improvement) 
than the monochromator but are of limited use for spectral measurements due 
to the reduced number of wavelengths that are generally available for measure¬ 
ment. A typical optical configuration for spot attenuation measurements is 
shown in Fig. 5,3. The interference filters are located on a wheel to allow 
measurement at a sdection of dilTerent wavelengths. In the experimental 
arrangement shown in Fig. 5.3 the source spot size is defined by a pinhole and 
the beam angular width is varied by using different diaphragms. However, the 
electronic equipment utilized with this set-up is similar to that used for the 
spectral loss measurements illustrated in Fig. 3.2. Therefore determination of 
the optical loss per unit length for the fiber at a particular wavelength is per¬ 
formed in exactly the same manner, using the cutback method. Spot attenua¬ 
tion measurements are sometimes utilized after fiber cabling in order to obtain 
information on any degradation in the fiber attenuation resulting from the 
cabling process. 

Although widely used, the cut back measurement method has the major 
drawback of being a destructive technique. Therefore, although suitable for 





Pig. ill An expirimentil srrangement for making spot (single wavelength) attenuation 
maaauramtnti using Intarfaranca flltari and employing the cut back technique. 
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laboratory measurement it is far from ideal for attenuation measurements in 
the field. Several nondestructive techniques exist which allow the fiber losses to 
be calculated through a single reading of the optical output power at the far 
end of the fiber after determination of the near end power level. The simplest is 
the insertion loss technique which utilizes the same experimental configuration 
as the cut back method. However, the fiber to be tested is spliced, or connected 
by means of a demountable connector, to a fiber with a known optical output 
at the wavelength of interest. When all the optical power is completely coupled 
between the two fibers^ or when the insertion loss of the splice or connector are 
known, then the measurement of the optical output power from the second 
fiber gives the loss resulting from the insertion of this second fiber into the 
system. Hence the insertion loss due to the second fiber provides measurement 
of its attenuation per unit length. Unfortunately the accuracy of this measure¬ 
ment method is dependent on the coupling between the two fibers and is 
therefore somewhat uncertain. 

The most popular nondestructive attenuation measurement technique for 
both laboratory and field use only requires access to one end of the fiber. It is 
the backscatler measurement meihod which uses optical time domain reflcc- 
tometry and also provides measurement of splice and connector losses as well 
as fault location, Optical time domain reflectometry finds major use in field 
measurements and therefore is discussed in detail in Section 5.7.1. 


S.2.2 Fiber Abeorption Loss Measurement 

It was indicated in the previous section that there is a requirement for the 
optical fiber manufacturer to be able to separate the total fiber attenuation into 
the contributions from the major loss mechanisms. Material absorption loss 
measurements allow the level of impurity content within the fiber material to 
be checked in the manufacturing process. The measurements are based on 
calorimetric methods which determine the temperature rise in the fiber or bulk 
material resulting from the absorbed optical energy within the structure. 

The apparatus shown in Fig, 5.4(a) |Ref. I2| which is used to measure the 
absorption loss in optical fibers was modified from an earlier version which 
measured the absorption losses in bulk glasses [Ref. 131. This temperature 
measurement technique, illustrated diagramraatically in Fig. 5.4(b), has been 
widely adopted for absorption loss measurements. The two fiber samples 
shown in Fig. 5.4(b) are mounted in capillary tubes surrounded by a low 
refractive index liquid (e.g. methanol) for good electrical contact, within the 
same enclosure of the apparatus shown in Fig. 5.4(a). A thermocouple is 
wound around the fiber containing capillary tubes using one of them as a 
reference junction (dummy fiber). L^t is launched from a laser source 
(Nd :YAG or krypton ion depending on the wavelength of interest) through 
the main fiber (not the dummyX and the temperature rise due to absorption is 
measured by the thermocouple and indicated on a nanovoltmcter. Electrical 
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Fig. 5.4 Calorimetric measvremeni of fiber absorption losses: (a) schematic diagram of a 
versior> of the apparatus (Ref M\: (b) the temperature measurement technique 
using a thermocouple. 


calibration may be achieved by replacing the optical fibers with thin resistance 
wires and by passing known electrical power through one. Independent 
measurements can then be made using the calorimetric technique and with 
electrical measurement instruments. 

The calorimetric measurements provide the heating and cooling curve for 
the fiber sample used. A typical‘example of this curve is illustrated in Fig. 
5.5(a). The attenuation of the fiber due to absorption Oghs rn^y determined 
from this heating and cooling characteristic. A time constant can be 
obtained from a plot of (r„ - T,) on a logarithmic scale against the time r, an 
example of which shown in Fig. 5.5(c) was obtained from the heating 
characteristic displayed in Fig. 5.5(b) IRef 131. corresponds to the 
maximum temperature rise of the fiber under test and T, is the temperature rise 
at a time t. It may be observed from Fig. 5.5(a) that corresponds to a 
•tcady Mata tamparature for the fiber when the heat loss to the surrounding 
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Fig. 5.5 (d) A typical Seating and cooling curve for a glass fiber sample, (b) A heating curve 

and (c) the corresponding plot of (T-r,) against time for a sample glass rod 
(bulk material measurement). Reproduced with permission from K. I. White end. 
J. E . MI d wi n t e r, Opro'S/ectrontee, 6 , p. 323,1973. 
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balances the heat generated in the fiber resulting from absorption at a 
particular optical power level. The lime constant may be obtained from the 
slope of the straight line plotted in Fig, 5.5(c) as: 






(5.3) 


where t, and indicate two points in time and is a constant for the 
calorimeter which is inversely proportional to the rate of heat loss from the 
device. 

From detailed theory h may be shown (Ref. 13i that the fiber attenuation 
due to absorption is given by: 


cr 


— 






dB km 


>1 


(5.4) 


where C is proportional to the thermal capacity per unit length of the silica 
capillary and the low refractive index liquid surrounding the fiber, and ts the 
optica] power propagating in the fiber under test. The thermal capacity per unit 
length may be calculated, or determined by the electrical calibration utilizing 
the thin resistance wire. Usually the time constant for the calorimeter is 
obtained using a high absorption fiber which gives large temperature 
difTerences and greater accuracy. Once is determined, the absorption losses 
of low loss test fibers may be calculated from their maximum temperature rise 
using Eq. (5.4). The temperatures are measured directly in terms of the 
thermocouple output (microvolts), and the optical input to the test fiber is 
obtained by use of thermocouple or optical power meter. 


Exampla 5.2 

Measurements are made using a calorimeter and thermocoi^ple f^xperimisntal 
arrangement as shown in Fig. 5.4 In order to determine the absorption loss of an 
optical fiber sample. Initially a high absorption fiber is udiued to obtain a plot of 
(7^- 7f) on a logarithmic scale against r. It is found from the plot that the readings 
of (Tgo- after 10 and 100 seconds are 0.525 and 0.021 pV respectively. 

The test fiber is then inserted in .the calorimeter and gives a maximum temper¬ 
ature rise of 4.3 x 10~^ with a constant measured optical power of 98 rnW at a 
wavelength of 0.75 pm. The thermel capacity per kilometer of the si ilea capillary 
and fluid is calculated to be 1.64 x 10* J ®C“*. 

Determine the absorptwn loss In dB km~\ at a wavelength of 0.75 for the 
fiber under test. 

So/ut/on: Initiallyr the time constant for the calorimeter is determined from the 
meaeurements taken on the high absoq>tion fiber using Eq, {5^3) where: 
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100-10 




90 

In(0-525)-In (0.021) 

= 28.0 s 

Then the absorption loss of the test fiber may be oblalnod usinq Eq. (5 4) wherp: 

CT^ 1.64 X 10^ X 4,3 x 10“* 

>’oo««c 98x10'’x28.0 

* 2-6 (JB km-’ 


Hence direct measurement of the contribution of absorption losses to the 
total fiber attenuation may be achieved. However, fiber absorption losses are 
often obtained iridirectly from jneasuremenc of the fiber scattering losses (see 
the next section) by subtraction from the local fiber attenuation, measured by 
one of the techniques discussed in Section 5.2.1. 

9«2.3 Fiber Scattering Loae Meaeuroment 

The usual method of measuring the contribution of (he losses due to scattering 
within the total fiber attenuation is to collect the light scattered from a short 
length of fiber and compare it with Che total optical power propagating within 
the fiber. Light scattered from the fiber may be detected in a scattering cell as 
illustrated in the experimental arrangement shown in Fig. 5.6. This may consist 
of a cube of six square solar cells (Tynes cell I Ref. 14 i) or an integrating sphere 



Fig. 6.6 


Signal detector 


An experimental set-up for meawrement of fiber scattering loss Illustrating both 
the solar cell cube and Irrtegratlng ephere scattering cells. 
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and detector i Ref. 151. The solar cell cube which contains index matching fluid 
surrounding the fiber gives measurement of the scattered light, but careful 
balancing of the detectors is required in order to achieve a uniform response. 
This problem is overcome in the integrating sphere which again usually con¬ 
tains index matching fluid but responds uniformly to different distributions of 
scattered light. However, the integrating sphere docs exhibit high losses from 
internal reflections. Other variations of the scattering cell include the internally 
reflecting cell [Ref. 161 and the sandwiching of the fiber between two solar cells 
IRef. 171. 

A laser source {i.e. He—Nc, NdrYAG, krypton ion) is utilized to provide 
sufTlcient optical power at a single wavelength together with a suitable instru¬ 
ment to measure the response from the detector. In order to avoid inaccuracies 
in the measurement resulting from scattered light which may be trapped in the 
fiber, cladding mode strippers (see Section 5.2.1) are placed before and after 
the scattering cell. These devices remove the light propagating in the cladding 
so that the measurements are taken only using the light guided by the fiber 
core. Also to avoid reflections contributing to the optical signal within the cell, 
the output fiber end is index matched using either a fluid or suitable surface. 

The loss due to scattering following Eq. (3.3) is given by: 


10 




/(km) 


log 


10 


' - p. / 


dB km’ 


(5.5) 


where / (km) is the length of the fiber in km contained within the scattering cell, 
Pop is the optical power propagating within the fiber at the cell and is the 
optical power scattered from the short length of fiber / within the cell. As 
Pam > P«. then the logarithm in Eq. (5.5) may be expanded to give; 


0 ^ = 


4.343 

/(km) 


(^) 


dB km 


-I 


(5,6) 


Since the measurements of length are generally in centimeters and the 
optical power is normally registered in volts, Eq. (5.6) can be written as: 




4.343 X 10^ 
/(cm) 




dB km 


(5.7) 


where and K^p; are the voltage readings corresponding to the scattered 
optical power and the total optical power within the fiber at the cell. The rela¬ 
tive experimental accuracy (i.c. repeatability) for scatter loss measurements are 
quoted as ±0.2 dB [Ref. 6] using the solar cell cube and around 5% [Ref. 8| 
with the integrating sphere. However, it must be noted that the absolute 
accuracy of the measurements is somewhat poorer, being dependent on the 
calibration of the scattering cell and the mode distribution within the fiber. 
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Example 6.3 


A He— Nd laser operating at a wavelength of 0.63 pm was used with a solar cell cube 
to measure the scattering loss in an optical fiber sample With a constant optical 
output power the reading from the solar cell cube was 6 14 nV. The optical power 
measurement ai the cube without scattering was 153.38 pV. The length oF the fiber 
in the cube was 2.92 cm. Determine the loss due to scaicering in dB km ’ for the 
fiber at a wavelength of 0.63 pm. 

Solution: The scattering loss in the fiber at a wavelength of 0.63 pm may bn 
obtained directly using Eq. (5.7) where: 


4.343 X 10® 

«sc *- 

/(cm) 



4.343 X 10® 
2.92 


6.14 X 10-® 
153.38 X 10-® 



* 6.0 dB km-’ 


B.3 FIBER DISPERSION MEASUREMENTS 

Dispersion measurements give an indication of the distortion to optical signals 
as they propagate down optical fibers. The delay distortion which, for 
example, leads to the broadening of transmitted light pulses, limits the 
information-carrying capacity of the fiber. Hence as shown in Section 3.7 the 
measurement of dispersion allows the bandwidth of the fiber to be determined. 
Therefore besides attenuation* dispersion is the most important transmission 
characteristic of an optical fiber. As discussed in Section 3.7 there are three 
major mechanisms which produce dispersion in optical fibers (material disper¬ 
sion, waveguide dispersion and intermodal dispersion). The importance of 
these different mechanisms to the total fiber dispersion is dictated by the fiber 
type. 

For instance, in multimode fibers (especially step index), intermodal disper¬ 
sion tends to be the dominant mechanism, whereas in single mode fibers inter¬ 
modal dispersion is nonexistent as only a single mode is allowed to propagate. 
In the single mode case the dominant dispersion mechanism is intramodal (i.e. 
material dispersion). The dominance of intermodal dispersion in multimode 
fibers makes it essential that dispersion measurements on these fibers are only 
performed when the equilibrium mode distribution has been established within 
the fiber, otherwise inconsistent results will be obtained. Therefore devices 
such as mode scramblers must be utilized in order to simulate the steady-state 
mode distribution. 

Dispersion effects may be characterized by taking measurements of the 
impulse response of the fiber in the time domain, or by measuring the 
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baseband frequency response in the frequency domain. If it is assumed that the 
fiber response is linear with regard to power [Ref. 19], a mathematical descrip¬ 
tion in the time domain for the optical output power from the fiber may 
be obtained by convoluting the power impulse response h{t) with the opticd 
input power PXt) as: 


PM) - A(f) • PXt) 


(5.8) 


where the asterisk » denotes convolution. The convolution of h{t) with P^t) 
shown in Eq, (5.8) may be evaluated using the convolution integral [Ref. 201 
where: 


^o(0 




PXt-x)hix)<ix 


(5.9) 


In the frequency domain the power transfer function H(co) is the Fourier 
transform of h{i) and therefore by taking the Fourier transforms of all the 
functions in Eq. (5.8) we obtain. 


n((D) = //(®)P.(<d) 


(5.10) 


where o) is the baseband angular frequency. The frequency domain representa¬ 
tion given in Eq. (5.10) is the least mathematically complex, and by performing 
the Fourier transformation (or the inverse Fourier transformation) it is possible 
to switch between the lime and frequency domains (or vice versa) by 
mathematical means. Hence, independent measurement of either h{t) or 
allows determination of the overall dispersive properties of the optical fiber. 
Thus fiber dispersion measurements can be made in either the time or fre¬ 
quency domains. 


8.3.1 Time Domain Meaeurement 

The most common method for time domain measurement of pulse dispersion 
in optical fibers is illustrated in Fig. 5.7 IRcf. 211. Short optical pulses 



Hf. 1.7 


Exparlmentil irrangamtnt for making fiber dispersion measurements in the 
time demiin (Rtf. 21]. 



198 


OPTICAL FIBER COMMUNICATIONS: PRINCIPLES AND PRACTICE 


(100-400 ps) are launched into the fiber from a suitable source (e.g. AlGaAs 
injection laser) using fast driving electronics. The pulses travel down the length 
of fiber under test (around I km) and are broadened due to the various disper¬ 
sion mechanisms. However, it is possible to take measurements of an isolated 
dispersion mechanism by, for example, using a laser with a narrow spectral 
width when testing a multimode fiber. In this case the intramodal dispersion is 
negligible and the measurement thus reflects only intcrmodal dispersion. 
The pulses are received by a high speed photodctcctor (i.e. avalanche photo¬ 
diode) and are displayed on a fast sampling oscilloscope. A beam splitter is 
utilized for triggering the oscilloscope and for input pulse measurement. 

Alternatively, after the initial measurement of output pulse width, the long 
fiber length may be cut back to a short length (1—2 m) and the measurement 
repeated in order to obtain the effective input pulse width. The fiber dispersion 
is obtained from the two pulse width measurements which are taken at any 
convenient fraction of their amplitude. However, unlike the considerations of 
dispersion in Sections 3.7-3.10 where rms pulse widths are used, dispersion 
measurements are normally made on pulses using the half maximum amplitude 
or 3 dB points. If and P^U) of Eq. (5.8) are assumed to have a Gaussian 
shape then Eq. (5.8) may be written in the form I Ref. 201: 

t|(3dB) » tn3dB) + ^{3dB) (5.11) 

where ti(3 dB) and T^(3dB) are the 3dB pulse widths at the fiber input and 
output respectively and t( 3 dB) is the width of the fiber impulse response again 
measured at half the maximum amplitude. Hence the pulse dispersion in the 
fiber (commonly referred to as the pulse broadening when considering the 3 dB 
pulse width) in ns km“' is given by: 


dB) ■ (^!> 


ns km ‘ 


(5.12) 


where t( 3 dB), ti(3dB) and to(3dB) are measured in ns and L is the fiber 
length in km. It must be noted that if a long length of fiber is cut back to a 
short length in order to take the input pulse width measurement then L 
corresponds to the difference between the two fiber lengths in km. When the 
launched optical pulses and the fiber impulse response are Gaussian then the 
3 dB optical bandwidth for the fiber may be calculated using [Ref. 22]: 


X t(3 dB) = 0.44 GHz ns 
= 0.44 MHz ps 


(5.13) 


Hence estimates of the optical bandwidth for the fiber may be obtained from 
the measurements of pulse broadening without resorting to rigorous mathe¬ 
matical analysis. 
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£xampl« 5.4 

Pulse dispersion measurements are taken over a 1.2 km length of parilally rjrndec! 
fiber. The 3 dB widths ol the optical input pulses are 300 ps, and the corresponding 
3 dB widths for the output pulses are found to be 12.6ns. Assuming the pulse 
shapes and fiber impulse response are Gaussian calculate: 

(d) the 3 dB pulse broadening for the fiber in ns km* 

(b) the fiber bandwidth-length product. 

Solution: (a) The 3 dB pulse broadening may be obtained using £q. IS . 12} where: 

(12-62-0.3^^ 1158.76^0 09)^ 

t{3 dB) --*- 

1-2 1.2 

- 10.5 ns km"^ 

(b) The optical bandwidth for the fiber is given by Eg. (5.13) as: 

0.44 0.44 

* -GHz km 

t(3dB) 10 5 

* 41.9 MHz km 

The value obtained for 9^ correspor>ds to (he bandwidth-length product for the 
fiber because the pulse broadening In pan (a) was calculated over a 1 km fiber 
lerigth. Also it may be noted that in this case the narrow input pulse width makes 
little difference to the calculetion of the pulse broadening. The input pulse width 
becomes significant when meBSuremer>t$ are taken on low dispersion fibers (e g, 
single mode). 


The dispersion measuremeni technique discussed above is reasonably simple 
and gives a direct measurement of the pulse broadening. However, it has some 
drawbacks when performing measurements on low dispersion fibers. At 
present the time resolution of commercially available detectors is limited to a 
few tenths of a nanosecond. Hence inaccuracies occur in the measurement 
when the pulse broadening along the fiber is less than 0.5 ns. For low disper¬ 
sion fibers this may dictate the testing of a considerable length of fiber. 

A more convenient method of measuring the temporal dispersion of an 
optical pulse within a fiber which does not require a long fiber length is the 
shuttle pulse technique. The experimental set-up reported by Cohen [Ref. 23) 
is shown in Fig. 5.8. Both ends of a short fiber length are terminated with 
partially transparent mirrors and a pulse launched from a Ga As injection laser 
travels through one mirror into the fiber and then shuttles back and forth 
between the fiber ends. This technique has an add^ advantage in that it allows 
the length dependence of the impulse response to be studied by sampling the 
pulse after each 2A^-1 (where Ar=l,2,3, etc.) transits. The pulse at the 
output end is displayed on a sampling oscilloscope through the partially trans- 
ptrent mirror. Honcethe pulse broadening may be measured by comparing the 
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Fig. 5.8 Schematic diagram showing the apparatus used in shuttle pulse technlaue 
for time domain dispersion measurements in optical fibers I Ref. 23]. 


widths of the observed output pulses. To ensure symmetrical reflection at the 
mirrors it is important that they are perpendicular to the fiber axis. The mirrors 
are therefore mounted in cylindrical holders which have grooves precisely 
milled to accurately machined faces. An index matching fluid is also utilized 
between the fiber end faces and the mirrors in order to achieve optimum 
optical transmission. Nevertheless the technique does have drawbacks includ¬ 
ing optical loss at each end reflection. Therefore accurate measurements over 
multiple reflections cannot always be ensured. 

5.3«2 Frequency Domain Measurement 

Frequency domain measurement is the preferred method For acquiring the 
bandwidth of optical fibers. This is because the baseband frequency response 
of the fiber may be obtained (Urectly from these measurements using Eq, 
(5.10) without the need for any assumptions of Gaussian shape, or alter¬ 
natively, the mathematically complex deconvolution of Eq. (5.8) which is 
necessary with measurements in the time domain. Thus the optical bandwidth 
of a fiber is best obtained from frequency domain measurements. 

One of two frequency domain measurement techniques is generally used. 
The first utilizes a similar pulsed source to that employed for the dme domain 
measurements shown in Fig. (5.7). However, the sampling oscilloscope is 
replaced by a spectrum analyzer which takes the Fourier transform of the 
pulse in the time domain and hence displays its constituent frequency com¬ 
ponents. The experimental arrangement is .illustrated in Fig. 5.9. 
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Variable diaphragm 



Pig. 5.9 


St--jTruin jiuiy^^r 

ExDerimeatdl set-up lor mal(.ir>g fiber dispersion measurements in the frequency 
domain using a puisod laser source. 


Comparison of the spectrum at the fiber output with the spectrum at 
the fiber input 'i’,(co) provides the baseband frequency response for the fiber 
under test following Eq. (5.10) where; 


//(©) = 


y,(o>) 


(5.14) 


The second technique involves launching a sinusoidally modulated optical 
signal at different selected frequencies using a sweep oscillator. Therefore the 
signal energy is concentrated in a very narrow frequency band in the baseband 
region, unlike the pulse measurement method where the signal energy is spread 
over the entire baseband region. A possible experimental arrangement for this 
swept frequency measurement method is shown in Fig. 5.10 IRef. 24], The 
optical source can be an LED or an injection laser, both of which may be 



Ng. 6.10 Block schematic ahowihg an experimental arrangement for the swept fre- 
quanoy measurarnent method to provide fiber dispersion measurements in the 
fraquenoy domain [Raf. 24]. 
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directly modulated (see Section 7.5) from the sweep oscillator. A spectrum 
analyzer may be used in order to obtain a continuous display of the swept fre¬ 
quency signal. Again, Eq. (5.14) is utilized to obtain the baseband frequency 
response. However, the spectrum analyzer provides no information on the 
phase of the received signal. Therefore a vector voltmeter or ideally a network 
analyzer can be employed to give both the frequency and phase information 
[Ref. 71, 


5.4 FIBER REFRACTIVE INDEX PROFILE MEASUREMENTS 

The refractive index profile of the fiber core plays an important role in 
characterizing the properties of optical fibers. It allows determination of the 
fiber's numerical aperture and the number of modes propagating within the 
fiber core, whilst largely defining any intermoda! and/or profile dispersion 
caused by the fiber. Hence a detailed knowledge of the refractive index profile 
enables the impulse response of the fiber to be predicted. Also as the impulse 
response and consequently the information-carrying capacity of the fiber is 
strongly dependent on the refractive index profile, it is essential that the fiber 
manufacturer is able to produce particular profiles with great accuracy, 
especially in the case of graded index fibers (i.e. optimum profile). There is 
therefore a requirement for accurate measurement of the refractive index 
profile. These measurements may be performed using a number of different 
techniques each of which exhibit certain advantages and drawbacks. In this 
section we will discuss some of the more popular methods which may be 
relatively easily interpreted theoretically, without attempting to review all the 
possible techniques which have been developed. 

5.4.1 Int^rfarometric Methods 

Interference microscopes (e.g. Mach—Zehnder, Michelson) have been widely 
used to determine the refractive index profiles of optical fibers. The technique 
usually involves the preparation of a thin slice of fiber (slab method) which has 
both ends accurately polished to obtain square (to the fiber axes) and optically 
flat surfaces. The slab is often immersed in an index matching fluid, and the 
assembly is examined with an interference microscope. Two major methods 
are then employed; using either a transmitted light interferometer (Mach- 
Zehnder [Ref. 25]) or a reflected light interferometer (Michelson [Ref. 261). In 
both cases light from the microscope travels normal to the prepared fiber slice 
faces (parallel to the fiber axis), and difTerences in refractive index result in 
different optical path lengths. This situation is illustrated in the case of the 
Mach-Zehnder interferometer in Fig. 5.11(a). When the phase of the incident 
light is compared with the phase of the emerging light, a field of parallel 
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Fig. 5.11 


fJu 

(a) The principle of the Mach-Zehnder interferometer |Ref 25) (b) The 
interference fringe pattern obtained with an interference mlcroscooe ^rom a 
graded index fiber. Reproduced with permission from 1. G. Cohen, P. Kaiser, 
J. B. MacCheenev. P« B« O’Conner and H, M. Presby, AppI, Phys. 26, 
p, 472, 1976. 


interference fringes are observed. A photograph of the fringe pattern may then 
be taken, an example of which is shown in Fig. 5.11(b) IRcf. 281, 

The fringe displacements for the poims within the fiber core arc tlicn 
measured using as reference the parallel fringes outside the fiber core (in the 
fiber cladding). The refractive index difference between a point in the fiber core 
(e.g. the core axis) and the cladding can be obtained from the fringe shift q. 
which corresponds to a number of fringe displacements. This dilTercnce in 
refractive index 5?? is given by [Ref. 6|: 




qX 


(5.15) 


where ;c is the thickness of the fiber slab and X is the incident optical 
wavelength. The slab method gives an accurate measurement of the refractive 
index profile, although computation of the individual points is somewhat 
tedious unless an automated technique is used [Ref. 28j. Figure 5.12 |Rcf. 281 
shows the refractive index profile obtained from the fringe pattern indicated in 
Fig. 5.11(b). 

A limitation of this method is the time required to prepare the fiber slab. 
However, another interferometric technique has been developed I Ref. 30] 
which requires no sample preparation. In this method the light beam is incident 
to the fiber perpendicular to its axis; this is known as transverse shearing 
interferometry. Again fringes are observed from which the fiber refractive 
index profile may be obtained. 
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Fig. S.12 The fiber refractive Index profile computed from the Interference pattern 
shown In Fig. &.11 (b). Reproduced with permission from L C. Cohen. P. Kaiser. 
J. B MacChesney. P. B. O'Conner and H. M. Presby, Appi Phys. Lett.. 26, 
p. 472, 1976. 


5.4.2 Near Field Scanning Me^od 

The near field scanning method utilizes the close resemblance that exists 
between the near field intensity distribution and the refractive index profile, for 
a fiber with all the guided modes equally illuminated. It provides a reasonably 
straightforward and rapid method for acquiring the refractive index profile. 
When a diffuse Lambertian source (e.g. tungsten filament lamp or LED) is 
used to excite all the guided modes then the near field optical power density at 
a radius r from the core axis may be expressed as a fraction of the core 
axis near field optical power density following |Ref. 311: 



(5.16) 
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where ^({0) and «i(r) are the refractive indices at the core axis and at a 
distance r from the core axis respectively, is cladding refractive index and 
C(r, z) is a correction factor. The correction factor which is incorporated to 
compensate for any leaky modes present in the short test fiber may be deter¬ 
mined analytically. A set of normalized correction curves is, for example, given 
in Ref. 33. 

An experimental configuration is shown in Fig. 5.13. The output from a 
Lambertian source is focused onto the end of the fiber using a microscope 
objective lens. A magnified image of the fiber output end is displayed in the 
plane of a small active area pholodetector (e.g. silicon p-i-n photodiode). The 
photodetector which scans the field transversely receives amplification from 
the phase sensitive combination of the optical chopper and lock-in amplifier. 
Hence the profile may be plotted directly on an AT—K recorder. However, the 
profile must be corrected with regard to C(r, z) as illustrated in Fig. 5.14(a) 
which is very time consuming. Both the scanning and data acquisition can be 
automated with the inclusion of a minicomputer I Ref. 31]. 

The test fiber is generally less than 1 m in length to eliminate any differential 
mode attenuation and mode coupling. A typical refractive index profile for a 
practical step index fiber measured by the near field scanning method is shown 
in Fig. 5,14(b). It may be observed that the profile dips in the center at the fiber 
core axis. This results from the collapse of the fiber preform before the fiber is 
drawn during the manufacturing process (see Sections 4.3 and 4.4). 

Measurements of the refractive index profile may also be obtained from the 
far field pattern produced by laser light scattered by the fiber under test. This 
technique, generally known as the scattered pattern method, requires complex 
analysis of the forward or backward patterns in order to determine the refrac¬ 
tive index profile [Ref. 311. Therefore, it is pursued no further in this text. 



(same 
dtficcicr 


N«.l i13 Experimental set-up for the near field ecanning measurement of the refractive 
Index prefht [Ref. 32). 
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Fig. 5.14 


(a) The relractiva index profile of a $Cep index Tber measured using the near 
field scanning method, showing the near field inteneitv and the corrected near 
field Intensity. Reproduced with permission from P, E. M Sladen, D. N. Payne 
and M, J, Adams. Appi. Rhys. Lttt.. 28, p. 225. 1976. (b) The refractive Index 
profile of a practical step index fiber measured by the near field scanning 
method (Ref. 31]. 


6.4.3 End Reflection Method 

The refractive index at any point in the cross section of an optica! fiber is 
directly related to the reflected power from the fiber surface in air at that point 
following the Fresnel reflection formula of Eq. (4J2). Hence the fraction of 
light reflected at the air-fiber interface is given by: 


reflected optical power / n, - ] \ ^ 
incident optical power \ /?j + 1 / 


(5.17) 


where is the refractive index at the point on the fiber surface (usually within 
the fiber core). For small changes in the value of the refractive index: 


5r = 4 


(«, - 1 ) 
(n, + 1)^ 



Therefore combining Eqs. (5.18) and (5.17) we have: 



(5.18) 


(3.19) 


Equation (5.19) gives the relative change in the Fresnel reflection coefficient 
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r which corresponds to the change (rf*refractive index at the point of measure¬ 
ment. However, when the measurement is performed in air the small changes 
in refractive index 5 a1i that must be measured give only very small changes in 
r, as demonstrated in example 5.5. 


Example B.a 

Refractive '\n(ie» measurements are to be made using the end refleciKm method on a 
step index fiber in ari. The filjer core refractive index is nominally 1,5 Estimate the 
percentage change in the Fresnol reflection coefficient that must be measu>cd in 
order to allow a change in refractive index of 0,001 lo he resolved 

5o/ur/on; The relative change In the Fresnel rcflcciion r,oerfideni Is given |>v Eci 
(5.19), where: 




Therefore when n, is 1 5 and the requirement for 6ri, is 0.001; 

4 


1 25 


0.001 0.0032 


Hence the change in the Fresnel rftfleciior> coefficient which must be measured is 
0.325f), 


It is clear from example 5.5 that for a fiber in air very accurate measurement 
of r is needed to facilitate a moderate resolution of 5«,. However, this problem 
may be overcome by immersing the fiber in a suitable index matching oil, as 
illustrated in example 5.6. 


Example 5.6 

The step index fiber of example 5.5 is immersed in oil with a refracrivn ind^x of T45. 
Estimate the percentage change In the Fresnel reflecijor> coefficient which must be 
measured in order to obtain the resolution In 5n^ required in example 5 5 (0.001K 
So/utfon: In this case we mgst refer back to the Fresnel reflection formula of F.q. 
(4.12> where: 


\/7, + n i \/7, -I- 1.45 / 


Hence 


tn,-1.45) 

d^»4-6n, 

1.45P 
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and 


so 


6r r 4 “1 r 4 1 

— - -- -- 

r L("i+ 1.45)(fi,-l-45) J L/J? 1.46^ J 




25 2.103 




.001 8=0 0272 


Therefore, the ch«inge in the Fresnel reflection coefficient wliinfi musi bo measured 
for the fiber in the oil is 2.72%. 


The result from example 5.6 illustrates the increased sensitivity in the meas¬ 
urement with index matching over that calculated in example 5.5 (0.32%) 
when no index matching was used. Also the sensitivity may be increased 
further with improved index matching giving very accurate profile measure¬ 
ments, 

Two experimental arrangements for performing end reflection measure¬ 
ments are illustrated in Fig. 5.15 I Refs. 34 and 351. Both techniques utilize a 
focused laser beam incident on the fiber end face in order to provide the 
necessary spatial resolution. Figure 5.15(a) shows end reflection measurements 
without index matching of the fiber input end face. The laser beam is initially 
directed through a polarizer and a X/4 plate in order to prevent feedback of the 
reflected optical power from both the fiber end face and the intermediate 
optics, causing modulation of the laser output through interference. The 
circularly polarized light beam from the X/A plate is then spatially filtered and 
expanded to provide a suitable spot size. A beam splitter is used to provide 
both a reference from the input light beam which is monitored w'iih a solar cell, 
and tw'o beams from the fiber end face reflection. The reflected beams are used 
for measurement via a p-hn photodiode, lock-in amplifier combination, and 
for visual check of the alignment on the fiber end face using a screen. Focusing 
on the fiber end face is achieved with a microscope objective lens, and the fiber 
end is scanned slowly across the focal spot using precision translation stages. 
The reflected optical power is monitored as a function of the fiber linear posi¬ 
tion on an X-Y recorder and the refractive index profile may be obtained 
directly using Eq. (5.19). Possible reflections from the other fiber end face are 
avoided by immersing it in an index matching liquid. 

The experimental arrangement shown in Fig. 5.15(b) provides increased 
sensitivity by immersing the fiber in an index matching oil as demonstrated in 
example 5.6. In this case the laser beam, which is again incident on a polarizer, 
and X/4 plate is deflected vertically using a mirror. An oil immersion objective 
is utilized to focus the beam onto the immersed fiber end. This apparatus has 
shown sensitivity comparable with the near field method. However, there is a 
need for careful alignment of the apparatus in order to avoid stray reflections. 
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Fig. 5.19 


Experimentd! arrangemenls for end refieclion measurement of fiber refractive 
index profile: (a) without index metchirvg of hber Input end face |Rei 34]; 
(b) with index matching of fiber input end face (Ref 35]. 


Also in both techniques it is essential that the fiber end face should be perfectly 
flat (cleaved but not polished), because the reflected power is severely affected 
by surface irregularities. 


B.6 FIBER NUMERICAL APERTURE MEASUREMENTS 


The numerical aperture is an important optical fiber parameter as it affects 
characteristics such as the light-gathering efficiency and the normalized fre¬ 
quency of the fiber (K). This in turn dictates the number of modes propagating 
within the fiber (also defining the single mode region) which has consequent 
effects on both the fiber dispersion (i^. intermodal) and, possibly, the fiber 
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attenuation (i.e. differential attenuation of modes). The numerical aperture 
(NA) is defined for a step index fiber by Eq. (2.8) as: 

NA = sin 0„ = (n} - (5.20) 

where 6^ is the maximum accq^tance angle^ is the core refractive index and 
rt 2 is the cladding refractive index. It is assumed in Eq. (5.20) that the light is 
incident on the fiber end face from air with a refractive index (??o) of unity. 
Although Eq. (5.20) may be employed with graded index fibers, the numerical 
aperture thus defined represents only the local N A of the fiber on its core axis 
(the numerical aperture for light incident at the fiber core axis). The graded 
profile creates a multitude of local NAs as the refractive index changes radially 
from the core axis. For the general case of a graded index fiber these local 
numerical apertures NA(r) at different radial distances r from the core axis 
may be defined by: 

NA(r) = sin Q^{r) = (nj(r) - nl)^ (5.21) 

Therefore, calculations of numerical aperture from refractive index data are 
likely to be less accurate for graded index fibers than for step index fibers 
unless the complete refractive index profile is considered, However, if refrac¬ 
tive index data is available on either fiber type from the measurements 
described in Section 5.4, the numerical aperture may be determined by calcula¬ 
tion. 

Alternatively, a simple, commonly used technique for the determination of 
the fiber numerical aperture involves measurement of the far field radiation 
pattern from the fiber. This measurement may be performed by directly 
measuring the far field angle from the fiber using a rotating stage, or by 
calculating the far field angle using trigonometry. An example of an experi¬ 
mental arrangement with a rotating stage is shown in Fig. 5.16. The fiber end 
faces are prepared in order to ensure square smooth terminations. The fiber 
output end is then positioned on the rotating stage with its end face parallel to 
the plane of the photodetector input, and so that its output is perpendicular to 


K^trreiKc signal 


Fiber 


Fig. 5.16 



Rotdtmg stagi? 

Fiber numerical aperture measurement using a scanning photodetseter and a 
rotating stage. 
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the axis of rotation. Light is launched into the fiber at all possible angles 
(overfilling the fiber) using an optical system similar to that used in the spot 
attenuation measurements (Fig. 5.3). 

The photodeteclor, which may be either a small area device or an apertured 
large area device, is placed 10-20 cm from the fiber and positioned in order to 
obtain a maximum signal with no rotation (0®). Hence when the rotating stage 
is turned the limits of the far field pattern may be recorded. The output power 
is monitored and plotted as a function of angle; the maximum acceptance 
angle being obtained when the power drops a predetermined amount (e.g. 
10%). Thus the numerical aperture of the fiber can be obtained from Eq. 
(5.20). This far field scanning measurement may also be performed with the 
photodetector located on a roiafional stage and the fiber positioned at the 
center of rotation [Ref. 7J. A complementary technique utilizes a plane wave 
input to the fiber, which is then rotated around the input beam axis whilst its 
output is directly monitored. 

A less precise measurement of the numerical aperture can be obtained from 
the far field pattern by trigonometric means. The experimental apparatus is 
shown in Fig, 5.17, where the end prepared fiber is located on an optical base 
plate or slab, Again light is launched into the fiber under test over the full range 
of its numerical aperture, and the far field pattern from the fiber is displayed on 
a screen which is positioned a known distance D from the fiber output end 
face. The test fiber is then aligned so that the optical intensity on the screen is 
maximized. Finally, the pattern size on the screen A is measured using a 
calibrated vernier caliper. The numerical aperture can be obtained from simple 
trigonometrical relationships where: 


NA = sin 6. = 


m 


104 / 2 )^+ 


(5.22) 


Example $.7 

A trigonometrical measurement Is performed in order to determine the numi.rinal 
aperture of a step index fiber. The screen is positioned 10.0 cm frum the fiber ond 
face. When illuminated from a wide angled visible source the measured output 
pattern size is 6.2 cm. Calculate the approximate numcrioal aperture of the fiber. 

Solution-. The numericat aperture may be determined direedy using Eq (5 
where: 


6.2 


NA== 


+ 40*)^ (38.44 + 400M 


s=0.30 


It must be noted that the accuracy of this measurement technique is 
dependent upon the visual assessment of the far field pattern from the fiber. 
The above measurement techniques are generally employed with multimode 
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LiyliT from 

optics 


Fig. 5.17 Apparatus for trigonometric fiber numerical aperture measurement. 


fibers only, as the far field patterns from single mode fibers are affected by 
diffraction phenomena. These are caused by the small core diameters of single 
mode fibers which tend to invalidate simple geometric optics measurements. 
However, more detailed analysis of the far field pattern allows determination 
of the normalized frequency and core radius for single mode fibers, from which 
the numerical aperture may be calculated using Eq. (2.69) IRcf 361. 

Far field pattern measurements with regard to multimode fibers are depen¬ 
dent on the length of the fiber tesied. When the measurements are performed 
on short fiber lengths (around 1 m) the numerical aperture thus obtained 
corresponds to that defined by Eqs. (5.20) or (5.21). However, when a long 
fiber length is utilized which gives mode coupling and the selective attenuation 
of the higher order modes, the measurement yields a lower value for the 
numerical aperture. It must also be noted that the far field measurement 
techniques give an average (over the local NA$) value for the numerical 
aperture of graded index fibers. Hence, alternative methods must be employed 
if accurate determination of the fiber’s NA is required iRef. 37|. 


5.6 FIBER DIAMETER MEASUREMENTS 
5.6.1 Outer Diameter 

It is essential during the fiber manufacturing process (at the fiber drawing 
stage) that the fiber outer diameter (cladding diameter) is maintained constant 
to within 1%. Any diameter variations may cause excessive radiation losses 
and make accurate fiber-fiber connection difficult. Hence on-line diameter 
measurement systems are required which provide accuracy better than 0.3% at 
a measurement rate greater than 100 Hz (i.e. a typical fiber drawing velocity is 
I m S''). Use is therefore made of noncontacting optical methods such as fiber 
image projection and scattering pattern analysis. 

The most common on-line measurement technique uses fiber image projec¬ 
tion (shadow method) and is illustrated in Fig. 5.18 iRef. 38). In this method a 
laser beam is swept at a constant velocity transversely across the fiber and a 
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Fig. S.18 The shadow method lor the on-line meaeuremeni of the fiber outer diameter 
(Ref. 381 


measurement is made of the time interval during which the fiber intercepts the 
beam and casts a shadow on a photodetector. In the apparatus shown in Fig. 
5.18 the beam from a laser operating at a wavelength of 0.6328 pm is 
collimated using two lenses ((7, and G^). It is then reflected ofT two mirrors 
(A/| and Mi), the second of which (M^) is driven by a galvanometer which 
makes it rotate through a small angle at a constant angular velocity before 
returning to its original starting position. Therefore, the laser beam which is 
focused in the plane of the fiber by a lens iGx)is swept across the fiber by the 
oscillating mirror, and is incident on the photodetector unless it is blocked by 
the fiber. The velocity ds/dr of the fiber shadow thus created at the 
photo detector is directly proportional to the mirror velocity d^/dt following: 


ds 

dt d( 


(5.23) 


where / is the distance between the mirror and the photodetector. 

Furthermore the shadow is registered by the photodetector as an electrical 
pulse of width ff'g which is related to the fiber outer diameter as: 


ds 


(5.24) 


Thus the fiber outer diameter may be quickly determined and recorded on the 
printer. The measurement speed is largely dictated by the inertia of the mirror 
rotation and its accuracy by the nsetime of the shadow pulse. 
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Example 5.8 


The shadow method is used for the on-line measurement of the ouior ctiamcior of an 
optical fiber. The apparatus employs a rotating mirror with an angular velocity of 
4 rad s ' which is located tO cm from the photodeiector. At a particulai instant in 
time a shadow pulse of width 300 ps is registered by the photodetentor Determine 
the outer d'Smeter of the optical fiber in pm at this instant in time 

Solution: The shadow velocity may be obtained from Eg, (5.231 where: 

ds d^ 

— ^ /— 0.1 X 4 - 0.4 m s-^ 

dr dr 


• 0.4 pm ps * 

Hence the fiber outer diameter in pm is given by Eq (5 24): 

ds 

d^^W^ — * 300 ps X 0 4 pm ps’* 
dr 


120 pm 


Other on-line measuromenf methods, enabling faster diameter measure¬ 
ments, involve the analysis of forward or backward far field patterns which are 
produced when a plane wave is incident transversely on the fiber. These tech¬ 
niques generally require measurement of the maxima in the center portion of 
the scattered pattern from which the diameter can be calculated after detailed 
mathematical analysis I Refs. 39-421. They tend to give good accuracy (e.g, 
±0.25 ^lm [ Ref. 421) even though the theory assumes a perfectly circular fiber 
cross section. Also for step index libers the analysis allows determination of 
the core diameter, and core and cladding refractive indices. 

Measurements of the fiber outer diameter after manufacture (off-line) may 
be performed using a micrometer or dial gage. These devices can give 
accuracies in the order of ±0.5 ^lm. Alternatively, off-line diameter measure¬ 
ments can be made with a microscope incorporating a suitable calibrated 
micrometer eyepiece. 

5.6.2 Core Diameter 

The core diameter for step index fibers is defined by the step change in the 
refractive index profile at the core-ctadding interface. Therefore the tech¬ 
niques employed for determining the refractive index profile (interferometric, 
near field, end reflection, etc.) may be utilized to measure the core diameter. 
Graded index fibers present a more difficult problem as, in general, there is a 
continuous transition between the core and the cladding. In this case it is 
necessary to define the core as an area with a refractive index above a certain 
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predetermined value if refractive index profile measuremenls are used to obtain 
the core diameter. 

Core diameter measuremenl is also possible from the near field pattern of a 
suitably illuminated (all guided modes excited) fiber. The measurements may 
be taken using a microscope equipped with a micrometer eyepiece similar to 
that employed for off-line outer diameter measurements. However, the core- 
cladding interface for graded index fibers is again difficult to identify due 
to fading of the light distribution towards the cladding, rather than the sharp 
boundary which is exhibited in the step index case. 

A second possible definition of the fiber core diameter is that it may be con 
sidcred as the dimension of an area in which a certain fraction (e.g. 90 or 95%) 
of the total transmitted optical power is propagated. Hence measurements may 
be performed to establish the optical power distribution within the fiber either 
using near field scanning techniques [Ref. 7), or by measuring the power 
transmitted through a calibrated variable diameter iris positioned upon an 
enlarged image of the fiber. Unfortunately these transmission measurements 
are dependent on the fiber length and the optical launch conditions which tend 
to make the measurement an effective rather than true diameter reading. Other 
possible techniques include selectively etching the core material IRcf. 7L and 
the analysis of the far field scattering patterns (for step Index fibers) as 
indicated when the measurement of fiber outer diameter was discussed. 


5.7 FIELD MEASUREMENTS 

The measurements discussed in the previous sections are primarily suited to 
the laboratory environment where quite sophisticated instrumentation may be 
used. However, there is a requirement for the measurement of the transmission 
characteristics of optical fibers when they are located in the field within an 
optical communication system. It is essential that optical fiber attenuation and 
dispersion measurements, connector and splice loss measurements and fault 
location be performed on optical fiber links in the field. Although information 
on fiber attenuation and dispersion is generally provided by the manufacturer, 
this is not directly applicable to cabled, installed fibers which are connected in 
series within an optical fiber system. Effects such as microbending (see Section 
4.6.2) with the resultant mode coupling (see Section 2.3,7) affect both the fiber 
attenuation and dispersion. It is also found that the simple summation of the 
transmission parameters with regard to individual connected lengths of fiber 
cable does not accurately predict the overall characteristics of the link [Ref. 
43 J. Hence test equipment has been developed which allows these transmission 
measurements to be performed in the field. 

In general, field test equipment differs from laboratory instrumentation in a 
number of lipecta ai it is required to m^t the exacting demands of field 
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measurement. Therefore the design criteria for field measurement equipment 
include: 

(a) Sturdy and compact encasement which must be portable. 

(b) The ready availability of electrical power must be ensured by the 
incorporation of batteries or by connection to a generator. Hence the 
equipment should maintain accuracy under conditions of varying supply 
voltage and/or frequency. 

(c) In the event of battery operation, the equipment must have a low power 
consumption. 

(d) The equipment must give reliable and accurate measurements under 
extreme environmental conditions of temperature, humidity and mech¬ 
anical load. 

(e) Complicated and involved fiber connection arrangements should be 
avoided, The equipment must be connected to the fiber in a simple manner 
without the need for fine or critical adjustment 

(f) The equipment cannot usually make use of external triggering or regulating 
circuits between the transmitter and receiver due to their wide spacing on 
the majority of optical links. 

Even if the above design criteria arc met, it is likely that a certain amount of 
inaccuracy will have to be accepted with field test equipment. For example, it 
may not be possible to include adjustable launching conditions (i.e. variation in 
spot size and numerical aperture) in order to create the optimum. Also, 
because of the large dynamic range required to provide measurements over 
long fiber lengths, lossy devices such as mode scramblers may be omitted. 
Therefore measurement accuracy may be impaired through inadequate simula¬ 
tion of the equilibrium mode distribution. 

A number of portable, battery-operated, optical power meters are com¬ 
mercially available. These devices often mea.sure absolute optica! power in 
dBm and dBp (i.e. OdBm is equivalent to 1 mW and OdB|.i is equivalent to 
1 pW; see example 5.9) over a specified spectral range (e.g. 0.4—i. 15 pm). In a 
number of cases the spectral range may be altered by the incorporation of 
different demountable sensor heads (phoiodetectors). However, it must be 
noted that although these devices often take measurements over a certain 
spectral range this simply implies that they may be adjusted to be compatible 
with the center emission frequency of particular optical sources so as to obtain 
the most accurate reading of optical power. Therefore these devices do not 
generally give spectral attenuation measurements unless the source optical 
output frequency is controlled or filtered to achieve single wavelength opera¬ 
tion. A typical example is the United Detector Technology S 550 fiber optics 
power meter shown in Fig. 5.19. This device may be used for measurement of 
the absolute optical attenuation on a fiber link by employing the cut back 
technique. Other optical system parameters which may also be obtained using 
this type of power meter are the measurement of individual splice and con- 
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Fig. 5.19 The United Detector Techr>ologY S 5S0 fiber optics power meter. (Courtesy of 
United Detector TecKnotogy.) 

aector losses, the determination of the absolute optical output power emitted 
from the source (see Sections 6.5.3 and 7.4.]) and the measurement of the 
responsivity or the absolute photocurreni of the photodetcctor in response to 
particular levels of input optical power (see Section 8.6). 


Exampio 5.9 

An optical power meter records opticel signal power in either dGm or ciB^ 

(0) Convert the optical signal powers of 5 mW and 20|iW to dBm. 

(b) Convert optical signal powers of 0.3 mW artd 80 nW to dB^i. 

Sofut/on: The optical signal power can be expressed in decibels using: 

dB » 10 log ,0 

where is the received optical wgnOl power and P, is a reference power level, 
(a) For a 1 mW reference power level: 

dBm — 10 log,o 

Hence an optical signal power of 5 mW is equivalent to 

Optical signal power = 10 IoqiqS = 6.99 dGM 
and an optical signal power of 20 Is equivalent to: 

Optical signal power =10 log,^ 0.02 

s -16.99 dBm 
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(b) Fora 1 reference power level: 


dB|i-10log„ 

\ 1 uW / 


hw 

Therefore an optical signal power of 0.3 mW is equivalent to: 


Optical signal power ^ \ 0 log 


10 


(—)= 

\ 1 pW / 


10 log,30 


= 14.77 dB^ 


and an optical signal power of 800 nWis equivalent to: 

Optical signal power = 10 log 0.8 

* -0.97 dBj! 


There are a number of portable measurement teat sets specifically designed 
for fiber attenuation measurements which require access to both ends of the 
optical link. These devices lend to use the cut back measurement technique 
unless correction is made for any difference in connector losses between the 
link and a short length of similar reference cable. A block schematic of an 
optical attenuation meter consisting of a transmitter and receiver unit is shown 
in Fig, 5.20 (Ref. 431. Reproducible readings may be obtained by keeping the 
launched optical power from the light source absolutely constant, A constant 
optical output power is achieved with the equipment illustrated in Fig. 5.20 
using an injection laser and a regulating circuit which is driven from a 
reference output of the source derived from a photodiode. Hence any varia¬ 
tions in the laser output power are rectified by automatic adjustment of the 
modulating voltage, and therefore current^ from the pulse generator. A large 
area photodiode is utilized in the receiver to eliminate any effects from differing 
fiber end faces. It is generally found that when a measurement is made on 
multimode fiber a short cut back reference length of a few meters is 
insufficient to obtain an equilibrium mode distribution. Hence unless a mode 
scrambling device together with a mode stripper are used, it is likely that a 
reference length of around 500 m or more will be required if reasonably 
accurate measurements are to be made. When measurements are made 
without a steady-state mode distribution in the reference fiber a significantly 
higher loss value is obtained which may be as much as 1 dB km"' above the 
steady-state attenuation IRcfs. 22 and 441. 

Several field test sets are available for making dispersion measurements on 
optical fiber links. These devices generally consist of transmitter and receiver 
units which take measurements in the time domain. Short light pulses 
(:^200ns) are generated from an injectiem laser and are broadened by 
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FI 9 . 5.20 An opl^cdl dtienudlion meter IReL 43]^ 

transmission down the opiical link before being received by a fast response 
photodetector (i.e. avalanche photodiode) and displayed on a sampling 
oscilloscope. This is similar to the dispersion measurements in the lime domain 
discussed in Section 5.3. If it is assumed that the pulses have a near Gaussian 
shape. Eq. (5.12) may be utilized to determine the pulse broadening on the link, 
and hence the 3dB optical bandwidth may be obtained. 

5.7.1 Optical Time Domain Reflectometry (OTDR) 

A measurement technique which is far more sophisticated and which finds 
wide application in both the laboratory and the field is the use of optical time 
domain reflectometry (OTDR). This technique is often called the backscalter 
measurement method. It provides measurement of the attenuation on an 
optical link down its entire length giving information on the length dependence 
of the link loss. In this sense it is superior to the optical attenuation measure¬ 
ment methods discussed previously (Section 5.2) which only tend to provide an 
averaged loss over the whole length measured in dB km"^. When the attenua¬ 
tion on the link varies with length* the averaged loss information is inadequate. 
OTDR also allows splice and connector losses to be evaluated as well as the 
location of any faults on the link. It relies upon the measurement and analysis 
of the fraction of light which is reflected back within the fiber's numerical 
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aperture due to Rayleigh scattering (see Section 3.4.1). Hence the backscatter- 
ing method which was first described by Barnoski and Jensen 1 Ref. 451 has the 
advantages of being nondestructive (i.c. does require the cutting back ot the 
fiber) and of requiring access to one end of ihe optical link only. 

The backscattered optical power as a function of time may be 

obtained from the following relationship IRef. 461: 

where P is the optical power launched into the fiber, S is the fraction of 
captured optical power, Yr 's the Rayleigh scattering coefficient (backscatter 
loss per unit length), is the input optical pulse width, is the group 
velocity in the fiber and y is the attenuation coefficient per unit length lor the 
fiber. The fraction of captured optical power 5 is given by the ratio of the solid 
acceptance angle for the fiber to the total solid angle as. 


nNA- NA^ 
4n«? 4ni 


(5.26) 


It must be noted that the relationship given in Eq. (5.26) applies to step 
index fibers and the parameter S for a graded index fiber is generally a factor 
of 2/3 lower than for a step index fiber with the same numerical aperture IRef. 
471. Hence using Eqs. (5.25) and (5.26) it is possible to determine the back- 
scattered optical power from a point along the link length in relation to the 
forward optical power at that point. 


Example 5.10 

An optical fiber link consists of step index fiber which has a numennal iip«rture of 
0 2 and a core lefeactive index of 1.5. The Rayleigh scattering coefficiem for the 
fiber is 0 7 km-’. When light pulses of 50 ns duration aie launched mto the fihcr^ 
calculate the ratio in decibels ot the backscattered optical power to forward 
optical power at the fiber irtput. The velocity of light in a vacuum is 2 998 x 

10^ fTi ^ ♦ 

Solution: The backscattered optical power ^ 03(0 is qiven by Eq f5.25) where: 

iPo^yp'^oVg exp(-Y^f,«) 

At the fiber inpul f *0. hence the power ratio is: 


^Ra (0) 


Pi 




Substituting for 5 from Eq. (5.26) gives: 

PrpIO) 1 rNA*YRWoVfl 






1 
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The group velocity ir' the fiber Vg is defined by Eq. (2.32) as: 




c c 

— 

N, n, 


Therefore 


>=R.,IO) 1 fNA^TR 

P. 2 I 4n! 


rN A»TRWoC ~l 

L 4n? J 

1 r(o.o2m7 

“iL— 


X 10-® X 50 X 10*® X 2.998 x 


4(1.5P 


io“J 


= 1.555 X 10-’ 


In decibels 


P. 


10log„1.555 x 10-® 


• -48.1 dB 


Hence in example 5.10 the backscattcred optical power at the fiber input is 
48.1 dB down on the forward optical power. The backscattered optical power 
should not be confused with any Fresnel reflection at the fiber input end face 
resulting from a refractive index mismatch. This could be considerably greater 
than the backscattered light from the fiber, presenting measurement problems 
with OTDR if it is allowed to fall onto the receiving photodetector of the equip¬ 
ment described below. 

A block schematic of the backscatter measurement method is shown in Fig, 
5.21 [Ref, 491. A light pulse is launched into the fiber in the forward direction 
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from an injection laser using either a directional coupler or a system of exter¬ 
nal lenses with a beam splitter (usually only in the laboratory). The back- 
scattered light is detected using an avalanche photodiode receiver which drives 
an integrator in order to improve the received signal to noise ratio by giving an 
arithmetic average over a number of measurements taken at one point within 
the fiber. This is necessary as the received optical signal power from a 
particular point along the fiber length is at a very low level compared with the 
forward power at that point by some 45-60 dB (see example 5.10). and is also 
swamped with noise. The signal from the integrator is fed through a 
logarithmic amplifier and averaged measurements for successive points within 
the fiber are plotted on a chart recorder. This provides location-dependent 
attenuation values which give an overall picture of the optical loss down the 
link. A possible backscaiter plot is illustrated in Fig. 5.22 I Ref, 50] which 
shows the initial pulse caused by rcllection and backscattcr from the input 
coupler followed by a long tail caused by the distributed Rayleigh scattering 
from the input pulse as it travels down the link. Also shown in the plot is a 
pulse corresponding to the discrete reflection from a fiber joint, as well as a 
discontinuity due to excessive loss at a fiber imperfection or fault. The end of 
the fiber link is indicated by a pulse corresponding to the Fresnel reflection 
incurred at the output end face of the fiber Such a plot yields ihc attenuation 
per unit length for the fiber by simply computing the slope of the curve over 
the length required. Also the location and insertion losses of joints and/or 
faults can be obtained from the power drop at their respective positions on the 
link. Finally the overall link length can be determined from the lime difference 
between reflections from the fiber input and output end faces. Hence optical 
time domain reflectometry is a very powerful technique for field measurement 
on optical fiber links. 

A number of optical time domain refiectometers are commercially available 
for operation in the shorter wavelength region below 1,0 pm. These devices 
emit a series of short (lO^lOO ns), intense optical pulses (100-500 mW) from 
which the backscattered light is received, analyzed and displayed on an 
oscilloscope, or plotted on a chart recorder. A typical example which will 
operate over a dynamic range of 40 dB two-way optical loss (often quoted as 
2 X 20 dB since the single way optical loss is 20 dB) with location and attenua¬ 
tion accuracies of +4 m and +10% respectively is shown in Fig. 5.23. In addi¬ 
tion this device is capable of detecting reflecting breaks (i.e. from the 4% 
Fresnel reflection) over a single way dynamic range of up to 38 dB. 

A major drawback of this technique, especially when using commercial 
optical time domain refiectometers, is the limited dynamic range of the 
measurement system. As indicated above this is currently around 40 dB 
(2 X 20 dB) for high p^formance devices. Hence, depending upon the fiber 
and coupling losses, the length of optical link which can be fully tested is 
restricted to at very best around 15 km. However, a method of optical time 
domain reflectometry by photon counting [Ref. S1 j has shown some promise 
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Fig. 5.23 The STC OFR3 optical time domain reflectometen (Courtesy of STC Com- 
portenls.) 

especially when used as a diagnostic tool for fault location. In this method the 
avalanche photodiode is operated in a Geiger tube breakdown mode I Ref, 52] 
by biassing the device above its normal operating voltage where it can detect a 
single photon, Experimental fRef. 511 measurements using this technique have 
demonstrated its ability to cope with single way losses of up to 40 dB (i.e. 
a two-way dynamic range of 80 dB) when detecting reflecting breaks in multi¬ 
mode fibers. 


PROBLEMS 

5.1 Describe what is meant by 'equilibrium mode distribution’ and ‘cladding mode 
stripping’ with regard lo transmission measurements in optical fibers. Briefly 
outline methods by which these conditions may be achieved when optical fiber 
measurements are performed. 

5.2 Discuss with the aid of a suitable diagram the cut back technique used for the 
measurement of the total attenuation in an optical fiber. Indicate the 
difTerences in the apparatus utilized for spectral loss and spot attenuation 
measurement. 

A spot measurement of fiber attenuation is performed on a 1.5 km length of 
optica] fiber at a wavelength of 1,1 ftm. The measured optical output power 
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Fig. 5.24 Fiber absorption lor measurements foe problem 5.3: (a) plot of (7^ -Tj) 
against time for a high absorption fiber; (b) the heating and cooling curve for 
the test fiber. 

from the 1,5 km length of fiber is 50.1 nW. When the fiber is cut back to a 2 m 
length, the measured optical output power is 385. 4 fiW. Determine the 
attenuation per kilometer for the fiber at a wavelength of 1.1 and estimate 
the accuracy of the result. 

5.3 Briefly outline the principle behind the calorimetric methods used for the 
measurement of absorption loss in optical fibers. 

A high absorption opticnl fiber was used to obt^n the plot of (r« -T;) (on 
a logarithmic scale) against time shown in Pig. 5.24(a), The measurements 
were achieved using a calorimeter and thermocouple experimental arrange¬ 
ment. Subsequently a different test fiber was passed three times through the 
same calorimeter (Ufore further measurements were taken. Measurements on 
the test fiber produced the heating and cooling curve shown in Fig. 5.24(b) 
when a constant 76 mW of optical power, at a wavelength of 1.06 pm, was 
passed through it. The constant C for the experimental arrangement was 
calculated to be 2.32 x 10** J Calculate the absorption loss in decibels 
per kilometer, at a wavelength of 1.06 |iin. for the fiber under test. 

5.4 Discuss the measurement of fiber scattering loss by describing the use of two 
common scattering cells. 

A Nd :YAG laser operating at a wavelength of L064 ^m is used with an 
integrating sphere to measure the scauering loss in an optical fiber sample. The 
optical power propagating within the fiber at the sphere is 98.45 and 
5.3 I nW of optical power is scattered within the sphere. The length of fiber in 
the sphere is 5.99 cm. Dclermine the optical loss due to scattering for the fiber 
at a wavelength of 1.064 pm in decibels per kilometer. 

5.5 Fiber scattering loss measurements arc taken at a wavelength of 0.75 pm using 
a solar cell cube. The reading of the input optical powder to the cube is 7.78 V 
with a gain setting of 10^. The corresponding reading from the scattering cell 
which incorporates a 4.12 cm length of fiber is 1.56 V with a gain setting of 
10^. Previous measurements of the total fiber attenuation at a wavelength of 
0.75 pm gave a value of 3.21 dB km“*. Calculate the absorption loss for the 
fiber at a wavelength of 0.75 pm in decibels per kilometer. 

6.5 Discuss with the aid of suitable diagrams the measurement of dispersion in 
optical fiberi. Coniider both time and frequency domain measurement 
teelmlauei. 
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Pulse dispersion measurements arc taken on a graded index fiber in the time 
domain. The 3 dB width of the optical output pulseb from a 950 m fiber length 
is 827 ps. When the fiber is cut back to a 2 m length the 3 dB width of the 
optical output pulses becomes 234 ps. Determine the optical bandwidth for a 
kilometer length of the fiber assuming Gaussian pulse shapes. 

5.7 Pulse dispersion measurements in the time domain arc taken on a multimode 
and a single mode step index fiber. The results recorded are: 



Input pulse 

Output pulse 

Fiber 


width 

width 

length 


(3dB) 

(3dB) 

(km) 

(a) Multimode 

fiber 

400 ps 

31.20 ns 

1.13 

(b) Single mode 

fiber 

loops 

425 ps 

2.35 


Calculate the optica] bandwidth over one kilometer for each fiber assuming 
Gaussian pulse shapes. 

5.8 Describe the end refiection method for the det^led measurement of the refrac¬ 
tive index profile of an optical fiber, [ndicate how the resolution of this tech¬ 
nique can be improved. 

The end reflection technique is to be used in order to measure the refractive 
index profile of a graded index fiber in air. The fiber has a core axis refractive 
index of 1.46 and a relative index difTcrence of 1%. It is envisaged that 20 
point measurements will be made between the core axis and the cladding 
(inclusive). Estimate the percentage change in the Fresnel reflection coefficient 
which must be measured in order to facilitate these readings, assuming no 
index matching at the fiber input end face. 

5.9 The fraction of light reflected at an air-fiber interface r is given by: 



where is the fiber core refractive index at the point of reflection. Show that 
the fractional change iu the core refractive index may be expressed in 

terms of the fractional change in the reflection coefficient br/r following: 



Hence, show that for a step index fiber with Wj of 1.5, a 5% change in r 
corresponds to only a 1% change in n|. 

5.10 A step index fiber has a nominal core refractive index of 1.48. The fiber input 
end face is immersed in oil with a refractive index of 1.51 prior to taking 
refractive index measurements using the end reflection method. Determine the 
anticipated resolution in the core refractive index measurement for a 2% 
change in the Fresnel reflection coefficient. 

6.11 Compare and contrast two simple techniques used for the measurement of the 
numerical aperture of optical flbera. 
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Numerical aperture measurements are performed on an optical fiber. The 
angular limit of the far field pattern is found to be 26.1® when the fiber is 
rotated from a center zero point The far field pattern is then dij^played on a 
screen where its size is measured as 16.7 cm. Determine the numerical 
aperture for the fiber and the distance of the fiber output end face from the 
screen. 

5.12 Describe, with the aid of a suitable diagram, the shadow method used for the 
on-line mcasuremenl of the outer diameter of an optical fiber. 

The shadow method is used for the measurement of the outer diameter of an 
optical fiber. A fiber outer diameter of 347 pm generates a shadow pulse of 
550 p.s when the rotating mirror has an angular velocity of 3 rad s’*. Calculate 
the distance between ihe rotating mirror and the optical fiber. 

5.13 Outline the major design criteria of an optical fiber power meter for use in the 
field, Suggest any problems associated with field measurements using such a 
device, 

Convert the following optical power meter readings to numerical values of 
power: 25 dBm, -5.2 dBm, 3.8 dBp. 

5.14 Describe what is meant by optical time domain refieclometry. Discuss how the 
technique may be used to take field measurements on optica) fibers. Indicate 
the advantages of this technique over other measurement methods to deter* 
mine attenuation in optical fibers. 

A back scatter plot for an optical fiber link provided by OTDR is shown in 
Fig. 5.25. Determine: 

(a) the attenuation of the optical link for the regions indicated B and C in 
decibels per kilometer. 

(b) the insertion los.s of the joint at the point X, 
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5.15 Discuss iht sensitivity of OTDR in relation to commercial rcflectometers. 
Comment on an approach which may lead to an improvement in the 
sensitivity of this measurement technique. 

The Rayleigh scattering coefficient for a silica single mode step index fiber 
at a wavelength of 0.80 pm is 0.46 km“*. The fiber has a refractive index of 
1.46 and a numerical sq>erlure of 0.14. When a light pulse of 60 ns duration at 
a wavelength of 0.80 pm is launched into the fiber, calculate the level in 
decibels of the backscattered light compared witli the Fresnel reflection from a 
clean break in the fiber, it may be assumed that the fiber is surrounded by air. 


Answers to Numerical Problems 


5.2 

5.92 dB km-', +0.13 dB 

5.10 

4.5 X 10-“ 

5.3 

1.77 dB km-‘ 

5.11 

0.44, 17.0 cm 

5.4 

3,91 dB km-' 

5.12 

21.0 cm 

5.5 

1,10 dB km-‘ 

$.13 

316.2 mW. 302 fiW, 2.40 |iW 

5.6 

525.9 MHz km 

5.14 

(a) 2.0 dB km-'. 3.0 dB km'*, 

5.7 

(a) 15,9 MHz km: 


2.5 dB km '; 


(b) 7.3 GHz km 


(b) 1.0 dB 

5.8 

0.26% 

5.15 

-37.3 dB 

5.9 

1,0% 
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optical Sources 1: The Laser 


6.1 INTRODUCTION 

The optical source is often considered to be the active component in an optical 
fiber communication system. Its fundamental function is to convert electrical 
energy in the form of a current into optical energy (light) in an efficient manner 
which allows the light output to be effectively launched or coupled into the 
optical fiber. Three main types of optical light source are available. These are: 

(a) wideband 'continuous spectra* sources (incandescent lamps); 

(b) monochromatic incoherent sources (light emitting diodes* LEDs); 

(c) monochromatic coherent sources (lasers). 

To aid consideration of the sources currently in major use the historical 
aspect must be mentioned. In the early stages of optical fiber communication 
the most powerful narrowband coherent light sources were necessary due to 
severe attenuation and dispersion in the fibers. Therefore initially gas lasers 
(helium-neon) were utilized. However, the development of the semiconductor 
injection laser and the LED, together with the substantial improvement in the 
properties of optical fibers, has given prominence to these two specific sources. 

To a large extent these two sources fulfil the major requirements for an 
optical fiber emitter which are outlined below. 

(a) A size and configuration compatible with launching light into an optical 
fiber. Ideally the light output should be highly directional. 

(b) Must accurately track the electrical input signd to minimize distortion and 
noise. Ideally the source should be linear. 

(c) Should emit light at wavelengths where the fiber has low losses and low 
dispersion and where the detectors are efficient. 

(d) Preferably capable of simple signal modulation (i.e. direct—see Section 
7.5) over a wide bandwidth extending from audio frequencies to beyond 
the gigahertz range. 

(e) Must couple sufficient optical power to overcome attenuation in the fiber 
plus additional connector losses and leave adequate power to drive the 

detector. 
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(f) Should have a very narrow spectral bandwidth (linewidth) in order to 
minimize dispersion in the flber. 

(g) Must be capable of maiDtaining a stable optical output which is largely 
unaffected by changes in ambient conditions (e.g. temperature). 

(h) It is essential that the source is comparatively cheap and highly reliable in 
order to compete with conventional transmission techniques. 

In order to form some comparison between these two types of light source 
the historical aspect must be enlarged upon. The first generation optical 
communication sources were designed to operate between 0.8 and 0.9 pm 
(ideally around 0.85 pm) because initially the properties of the semiconductor 
materials used lent themselves to emission at this wavelength. Also as 
suggested in (c) this wavelength avoided the loss incurred in many fibers near 
0.9 pm due to the OH ion (see Section 3.3.2). These early systems utilized 
multimode step index fibers which required the superior performance of 
semiconductor lasers for links of reasonable bandwidth (tens of megahertz) 
and distances (several kilometers). The LED (being a lower power source 
generally exhibiting little spatial or temporal coherence) was not suitable for 
long distance wideband transmission, although it found use in more moderate 
applications. 

However, the role of the LED as a source for optical liber communications 
was enhanced following the development of multimode graded index fiber. The 
substantial reduction in intermodal dispersion provided by this fiber type over 
multimode step index fiber allowed incoherent LEDs emitting in the 0.8- 
0.9 pm wavelength band to be utilized for applications requiring wider band- 
widths. This position was further consolidated with the development of second 
generation optical fiber sources operating at wavelengths between 1.1 and 
1.6 pm where both material losses and dispersion are greasy reduced. In this 
wavelength region wideband graded index fiber systems utilizing LED sources 
may be operated^oyi^Jong distances without the need for intermediate 
repeaters. Furthermore, LEDs offer the advantages of relatively simple 
construction and operation with the inheren t effects of these factors on cost 
...and extended, trouble-free life. 

In parallel with these later developments in multimode optical propagation 
came advances in single mode flber construction. This has stimulated the 
development of single mode laser sources to take advantage of the extremely 
low dispersion offered by single mode flbers. These systems are ideally suited 
to extra wideband, very long-haul applications and are currently under 
intensive investigation for long-distance telecommunications. On the other 
hand, light is usually emitted from the LED in many spatial modes which 
cannot be readily focused and coupled into single mode fiber. Hence to date 
the LED has been utilized almost osclusively as a multimode source which will 
only give adequate coupling efliciency into multimode fiber. However, in this 
role the LED has become a primary multimode source which is extensively 
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used for increasingly wider bandwidth, longer-haul applications. Therefore at 
present the LED is chosen for many applications using multimode fibers and 
the injection laser tends to find more use as a single mode device in single mode 
fiber systems. Although other laser types (e.g. Nd:YAG laser, see Section 
6.11) as well as the injection laser may eventually find limited use in optical 
fiber communications, this chapter and the following one will deal primarily 
with major structures and configurations of semiconductor sources (injection 
laser and LED) taking into account recent developments and possible future 
advances. 

We begin by describing in Section 6.2 the basic principles of laser operation 
which may be applied to all laser types. Immediately following in Section 6.3 is 
a discussion of optical emission from semiconductors in which we concentrate 
on the fundamental operating principles, the structure and the materials for the 
semiconductor laser. Aspects of practical semiconductor injection lasers are 
then considered in Section 6.4 prior to a more specific discussion of the 
structure and operation of multimode devices in Section 6,5. Following in 
Section 6.6 is a brief discussion of the single mode injection laser which 
provides a basis for the description of the major single mode structures 
presented in Section 6.7. As the preceding sections have primarily dealt with 
injection lasers operating in the shorter wavelength region (0.8-0.9 pm), a brief 
account of longer wavelength (1.1-1.6 pm) devices is given in Section 6,8. In 
Section 6.9 we describe the operating characteristics which are common to all 
injection laser types before a short discussion of injection laser to optical fiber 
coupling together with device packaging i$ presented in Section 6.10. Finally, 
in Section 6.1L nonsemiconductor lasers are briefiy considered, the dis¬ 
cussion concentrating on the neodymium-doped yttrium-aluminum-garnet 
(Nd:YAG) device. 

6.2 BASIC CONCEPTS 

To gain an understanding of the light-generating mechanisms within the major 
optical sources used in c^tical fiber communications it is necessary to consider 
both the fundamental atomic concepts and the device structure. In this context 
the requirements for the laser source are far more stringent than those for the 
LED. Unlike the LED, strictly yaking, the laser is a device which amplifies 
light. Hence the derivation of the term LASER as an acronym for Light 
Amplification by Stimulated Emissioa of Radiation. Lasers, however, are 
seldom used as amplifiers rince there are practical difiiculties in relation to the 
achievement of high gain whilst avoiding oscillation from the required energy 
feedback. Thus the practical realization of the laser is as an optical oscillator. 
The operation of the device may be described by the formation of an 
electromagnetic standing wave within a cavity (or optical resonator) which 
provides an output of monochromatic highly coherent radiation. By contrast 
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the LED provides optical emission without an inherent gain mechanism. This 
results in incoherent light output. 

In this section we elaborate on the basic principles which govern the 
operation of both these optical sources. It is clear, however, that the operation 
of the laser must be discussed in some detail in order to provide an 
appreciation of the way it functions as an optical source. Hence we 
concentrate first on the general principles of laser action. 

6.2.1 Absorption and Emission of Radiation 

The interaction of light with matter takes place in discrete packets of energy or 
quanta, called photons. Furthermore the quantum theory suggests that atoms 
exist only in certain discrete energy states such that absorption and emission of 
light causes them to make a transition from one discrete energy state to 
another. The frequency of the absorbed or emitted radiation/is related to the 
difference in energy £ between the higher energy state and the lower energy 
state £| by the expression: 

£*£:-£, =A/ (6.1) 

where h = 6.626 x J s is Planck's constant. These discrete energy states 
for the atom may be cemsidered to correspond to electrons occurring in 
particular energy levels relative to the nucleus. Hence different energy states 
for the atom correspond to different electron configurations, and a single 
electron transition between two energy levels within the atom will provide a 
change in energy suitable for the absorption or emission of a photon. It must 
be noted, however, that modem quantum theory [Ref. 11 gives a probabilistic 
description which specifies the energy levels in which electrons are most likely 
to be found. Nevertheless, the concept of stable atomic energy states and 
electron transitions between energy levels is still valid. 

Figure 6.1(a) illustrates a two energy state or level atomic system where an 
atom is initially in the lower energy state £,, When a photon with energy 
(£2 - £* 1 ) is incident on the atom it may be excited into the higher energy state 
£2 through absorption of the photon. This process is sometimes referred to as 
stimulated absorption. Alternatively when the atom is initially in the higher 
energy state £2 it can make a transition to the lower energy state £1 providing 
the emission of a photon at a frequency corresponding to Eq. (6,1). This 
emission process can occur in two ways: 

(a) by spontaneous emission in which the atom returns to the lower energy 
state in an entirely random mann^; 

(b) by stimulated emission when a photon having an energy equal to the 
energy difference between the two states (£2 - £,) interacts with the atom 
in the upper energy state causing it to return to the lower state with the 
creation of a second photon. 
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Fig. 6.1 Energy stale diagram showing: (a) absorption: (b) spontaneous emission; 

(c) stimulated emission. The black doi ir>dicates the state ol the atom Defgre and 
after a transition takes place. 

These two emission processes are illustrated in Figs. 6.1(b) and (c) 
respectively. The random nature of the spontaneous emission process where 
light is emitted by electronic transitions from a large number of atoms gives 
incoherent radiation. A similar emission process in semiconductors provides 
the basic mechanism for light generation within the LED (see Section 6.3.2). 

It is the stimulated emission process, howevw, which gives the laser its 
special properties as an optical source. Firstly the photon produced by 
stimulated emission is generally* of an identical energy to the one which 
caused it and hence the light associated with them is of the same frequency. 
Secondly the light associated with the stimulating and stimulated photon is in 
phase and has the same polarizatioii. Therefore, in contrast to spontaneous 
emission, coherent radiation is obtained. Furthermore this means that when an 


* A photon with energy V'^^iU not necessBriiy always stimulate another photon with energy 
f\f. Photoni may be stimulated over a eroaD range ci energies around }\f providing an emis- 
lion which bai i Hnlte flrequency or wavelength spread (linewidth). 
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atom is stimulated to emit %ht cnei^ by an incident wave, the liberated 
energy can add to the wave in a constructive manner, providing amplification. 


6.2,2 The Einstein Relations 

Prior to discussion of laser action in semiconductors it is useful to consider 
optical amplification in the two level atomic system shown in Fig. 6.1. In 1917 
Einstein [Ref. 2] demonstrated that the rates of the three transition processes 
of absorption, spontaneous emission and stimulated emission were related 
mathematically. He achieved this by considering the atomic system to be in 
thermal equilibrium such that the rate of the upward transitions must equal the 
rate of the downward transitions. The population of the two energy levels of 
such a system are described by Boltzmann statistics which give: 




g\ expC-fi/A-D ^ 

-— = — exp (£2 " Ex KT) 

gjexp(-V^r> ' ' 


= ^ exp W/KT) 
ii 



where and represent the density of atoms in energy levels £| and £; 
respectively with and gj being the corresponding degeneracies* of the levels. 
K is Boltzmann's constant and T is the absolute temperature. 

As the density of atoms in the lower or ground energy state £| is , the 
rate of upward transition or absorption is proportional to both and the 
spectral density py of the radiation energy at the transition frequency / Hence 
the upward transition rate £,2 (indicating an electron transition from level 1 to 
level 2) may be written as: 

£12 = P/fi|2 (6*3) 

where the constant of pr€>portionality B ^2 is known as the Einstein coefficient 
of absorption. 

By contrast atoms in the higher or excited energy state can undergo electron 
transitions from level 2 to level 1 either spontaneously or through stimulation 
by the radiation field. For spontaneous emission the average time an electron 
exists in the excited state before a transition occurs is known as the 
spontaneous lifetime . If the density of atoms within the system with energy 
£2 is N 2 y then the spontaneous emission rate is given by the product of N 2 and 


* In many cases the atom has several sublevels of equal energy within an energy level which is 
then said to be degenerate. The degeoeracy parameters g) and ^2 indicate the number of sub- 
levels within the energy levels £( and £, mpectively. If the system ie not degenerate then g, 
and may be eet to unity iRef. ll. 
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l/t 2 i. This may be written as where ^211 the Einstein coefficient of 

spontaneous emission, is equaJ to the reciprocal of the spontaneous lifetime. 

The rate of stimulated downward transition of an electron from level 2 to 
level 1 may be obtained in a similar manner to the rate of stimulated upward 
transition. Hence the rate of stimulated emission is given by ^ where 

^21 is the Einstein coefficient of stimulated emission. The total transition rate 
from level 2 to level I, ^ 2 i> is the sum of the spontaneous and stimulated con¬ 
tributions. Hence: 

+ JViPjBj, (6.4) 

For a system in thermal equilibrium, the upward and downward transition 
rates must be equal and therefore Ri 2 —^ 21 * o** 

(6.5) 

It follows that: 


N,A 


P/ 


:"2i 


N,B,2-f^2B2, 


and 


P/ = 


A2,/B 


21 




Substituting Eq. (6.2) into Eq. (6.6) gives 


P/ = 


An/B2i 


{(giB„/g2B2,)exp(/fr/KT)]-i 


( 6 . 6 ) 


(6.7) 


However, since the atomic system under consideration is in thermal 
equilibrium it produces a radiation density which is identical to black body 
radiation. Planck showed that the radiation spectral density for a black body 
radiating within a frequency range/to/+ d/'is given by [Ref. 3]; 


P/ 


Snhf I 1 \ 

^ \ exp (hr/KT) -T / 


exp (hf/KT) 


( 6 . 8 ) 


Comparing Eq. (6.8) with Eq. (6.7) we obuin the Einstein relations: 


- = (^) 


(6.9) 


and 


21 


inhf 


B 


21 


( 6 . 10 ) 
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It may be observed from Eq. (6.9) that when the degeneracies of the two levels 
are equal =^ 2 ) then the probabilities of absorption and stimulated emis¬ 
sion are equal. Furthermore, the ratio of the stimulated emission rate to the 
spontaneous emission rate is given by: 

stimulated emission rate ^ 21 P/ 1 

spontaneous emission rate ^21 exp (hflKT) - 1 


Example 6.1 

Calculate the ratio of the stimulated emission rate to the spontaneous ernission rate 
for an Incandescent lamp operating at a temperature of 1000 K. It may be assumed 
that the average operdlir >9 wavelength is 0.5 imi. 

Sa/utian: The average operating frequency is given by: 

c 2.998 X 10® 

-— 2 s 6 . 0 x 10^^ Hz 

\ 0.5 xIO”^ 

Using Eq. (6.11) the ratio is: 

stimulated emission rate 1 

spontaneous ami ssioo rate / 6.626 x 10“^ x 8 x 10^^ 

«*p(- 7 :: - 

\ 1.381 X 10"^^ X 1000 

s exp (-28.8) 

* 3 1 X 10“^^ 



The result obtained in example 6.1 indicates that for systems in thermal 
equilibrium spontaneous emission is by far the dominant mechanism. Further¬ 
more it illustrates that the radiation emitted from ordinary optical sources in 
the visible spectrum occurs in a random manner, proving these sources are 
incoherent. 

It is apparent that in order to produce a coherent optical source and 
amplification of a light beam the rate of stimulated emission must be increased 
far above the level indicated by example 6.1. From consideration of Eq. (6.5) it 
may be noted that for stimulated emission to dominate over absorption and 
spontaneous emission in a two level system both the radiation density and the 
population density of the upper energy level N 2 must be increased in relation to 
the population density of the lower energy level A^,, 


6.2.3 Population Inveraion 

Under the conditions of thermal equilibrium given by the Boltzmann distribu¬ 
tion (Eq. (6.2)) the lower energy lei^l £, of the two level atomic system con¬ 
tains more atoms than the upper energy level £ 3 . This situation which is 
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normal for structures ai room temperature is illustrated in Fig. 6.2(a). 
However, to achieve optical ampliflcation it is necessary to create a non¬ 
equilibrium distribution of atoms such that the population of the upper energy 
level is greater than that of the lower energy level (i.e. N 2 > ). This condition 

which is known as population inversion is illustrated in Fig. 6.2(b). 

In order to achieve population inversion it is necessary to excite atoms into 
the upper energy level E 2 and hence obtain a nonequilibrium distribution. This 
process is achieved using an external energy source and is referred to as 
‘pumping’. A common method used for pumping involves the application of 
intense radiation (e.g. from an c^tical flash tube or high frequency radio field). 
In the former case atoms are excited into the higher energy state through 
stimulated absorption. However, the two level system discussed above does 
not lend itself to suitable population inversion. Referring to Eq. (6.9), when the 
two levels are equally degenerate (or not degenerate) then * S 21 • Thus the 
probabilities of absorption and stimulated emission are equal, providing at best 
equal populations in the two levels. 

Population inversion, however, may be obtained in systems with three or 
four energy levels. The energy level diagrams for two such systems which 
correspond to (wo nonsemiconductor lasers are illustrated in Fig. 6.3. To aid 
attainment of population inversion both systems display a central metastable 
state in which the acorns spend an unusually long time. It is from this meta- 
stable level chat the stimulated emission or lasing takes place. The three level 
system (Fig. 6.3(a)) consists of a ground level £ 0 , a metastable level and a 
third level above the metastable level £ 2 . Initially the atomic distribution will 
follow the Boltzmann law. However, with suitable pumping the electrons in 



acom&(V) MiomsIV) 

<») (l>» 

Fig. 6.2 Populations in a two energy level system: (a) Boltzmann distribution for a 
lyitem in thermal equilibrium; tbi a nonequillbcium distribution showing popula¬ 
tion inversion. 
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Fig. 6.3 Energy level diagrams showing populatfon inversion and lasing for two non- 
semiconductor lasers: (a) three level system—ruby (crystal) laser; (b) four level 
system-•He<-Ne (gas) laser. 


some of the atoms may be excited from the ground slate into the higher level 
£* 2 . Since £2 is ^ normal level the electrons will rapidly decay by nonradiative 
processes to either £| or directly to £ 0 . Hence empty states will always be 
provided in £ 2 . The metastable level £| exhibits a much longer lifetime than 
£2 which allows a large number of atoms to accumulate at Ei. Over a period 
the density of atoms in the metastable state Nf increases above those in the 
ground state and a population inversion is obtained between these two 
levels. Stimulated emission and hence lasing can then occur creating radiative 
electron transitions between levels £| and £ 0 . A drawback with the three level 
system such as the ruby laser is that it generally requires very high pump 
powers because the terminal state of the laser transition is the ground state. 
Hence more than half the ground slate atoms must be pumped into the meta¬ 
stable state to achieve population inversion. 

By contrast a four level system such as the He-Ne laser illustrated in 
Fig. 6.3(b) is characterized by much lower pumping requirements ► In this case 
the pumping excites the atoms from the ground state into energy level £3 and 
they decay rapidly to the metastable level £ 2 . However, since the populations 
of £3 and £j remain essentially unchanged a small increase in the number of 
atoms in energy level £2 creates population inversion, and lasing takes place 
between this level and levd £|. 

6»2,4 Optical Feedback and Laaer Oscillation 

Light amplification in the laser occurs when a photon colliding with an atom in 
the excited energy state causes the stimuliUed emission of a second photon and 
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then both these photons release two more. Continuation of this process 
effectively creates avalanche multiplication, and when the electromagnetic 
waves associated with these photons are in phase, amplified coherent emission 
is obtained. To achieve this laser action it is necessary to contain photons 
within the laser medium and maintain the conditions for coherence. This is 
accomplished by placing or forming mirrors (plane or curved) at either end of 
the amplifying medium as illustrated in Fig, 6.4. The optical cavity formed is 
more analogous to an oscillator than an amplifier as it provides positive feed¬ 
back of the photons by reflection at the miirors at either end of the cavity. 
Hence the optical signal is fed back many times whilst receiving amplification 
as it passes through the medium. The structure therefore acts as a Fabry- 
Perot resonator. Although the amplification of the signal from a single pass 
through the medium is quite smalK after multiple passes the net gain can be 
large. Furthermore, if one mirror is made partially transmitting, useful radia¬ 
tion may escape from the cavity. 

A stable output is obtained at saturation when the optical gain is exactly 
matched by the losses incurred in the amplifying medium. The major losses 
result from factors such as absorption and scattering in the amplifying 
medium, absorption, scattering and diffraction at the mirrors and non^useful 
transmission through the mirrors. 

Oscillations occur in the laser cavity over a small range of frequencies where 
the cavity gain is sufficient to overcome the above losses. Hence the device is 
not a perfectly monochromatic source but emits over a narrow spectral band. 
The central frequency of this spectral band is determined by the mean energy 
level difference of the stimulated emission transition. Other oscillation fre¬ 
quencies within the spectral band result from frequency variations due to the 
thermal motion of atoms within the amplifying medium (known as Doppler 
broadening*) and by atomic collisionst. Hence the amplification within the 



Microt 


Pig. 6.4 The basic taser structure incorporating plane mirrors. 


* Doppler broadening is referred to as an inhomogmeous brOEidening mechanism since 
individual groups of atoms m the coUeetkm have diiTereat apparent resonance frequencies, 
t Atomic collisions provide homogeneous broadening as every atom in the collection has the 
same resonant frequency and spectral spread. 
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laser medium results in a broadened laser transition or gain curve over a finite 
spectral width as illustrated in Fig. 6.5. The spectral emission from the device 
therefore lies within the frequency range dictated by this gain curve. 

Since the structure forms a resonant cavity* when sufficient population 
inversion exists in the amplifying medium the radiation builds up and becomes 
established as standing waves between the mirrors. These standing waves exist 
only at frequencies for which the distance between the mirrors is an integral 
number of half wavelengths. Thus when the optical spacing between the 
mirrors is L the resonance condition along the axis of the cavity is given by 
[Ref. 4]: 



( 6 . 12 ) 


where X is the emission wavelength* n is the refractive index of the amplifying 
medium and q is an integer. Alternatively discrete emission frequencies/are 
defined by 


I 



(6.13) 


where c is the velocity of light. The different frequencies of oscillation within 
the laser cavity are determined by the various integer values of 9 and each con¬ 
stitutes a resonance or mode. Since Eqs. (6.12) and (6.13) apply for the case 
when L is along the longitudinaJ axis of the structure (Fig. 6.4) the frequencies 
given by Eq. (6.13) are known as the longitudinal or axial modes. Furthermore 
from Eq. (6.13) it may be observed that these modes are separated by a fre¬ 
quency interval 8 / where: 



(6.14) 



Pig. 6.5 The relative amplification in the laser amplifying medium showing the 
broadened laser transition line or gain curve. 
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Example 6.2 

A ruby laser contains a crystal length 4 cm with a refractive index of 1.78. The peak 
emission wavelength from the device is 0.55 |im. Determine the number of 
longitudinal modes and their frequency separation. 

Solution. The number of iongitudinal modes supported within the structure may 
be obtained from Eq. (6.12) where: 

2nL 2x1.78x0.04 

---s=2.6x 10 ^ 

X 0.55 X 10“® 

Using Eg. (6.14) the frequency separation of the modes is: 

2.998 X 10® 

6 /*-= 2.1 GHz 

2 X 1.78 X 0.04 


Although the result of example 6.2 indicates that a large number of modes 
may be generated within the laser cavity, the spectral output from the device is 
defined by the gain curve. Hence the laser emission will only include the 
longitudinal modes contained within the spectral width of the gain curve. This 
situation is illustrated in Fig. 6.6 where several modes are shown to be present 
in the laser output. Such a device is said to be multimode. 

Laser oscillation may also occur in a direction which is transverse to the 
axis of the cavity. This gives rise to resonant modes which are transverse to the 



Frequency 


Ng. M (8) The modes in the laser cavity, (b) The longitudinal modes In the laser output. 
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Fig. 6.7 The lower order transverse modes of a laser. 


direction of propagatiorj. These transverse electromagnetic modes are desig¬ 
nated in a similar manner to transverse modes in waveguides (Section 2.3.2) by 
where the integers I and m indicate the number of transverse modes 
(sec Fig, 6,7). Unlike the longitudinal modes which contribute only a single 
spot of light to the laser output, transverse modes may give rise to a pattern of 
spots at the output. This may be observed from the low order transverse mode 
patterns shown in Fig. 6.7 on which the direction of the electric field is also 
indicated. In the case of the TEM^^ mode all parts of the propagating 
wavefront are in phase. This is not so> however, with higher order modes 
(TEMjo, TEMn, etc.) where phase reversals produce the various mode 
patterns. Thus the greatest degree of coherence together with the highest level 
of spectral purity may be obtained from a laser which operates in only the 
TEMqo mode. Higher order transverse modes only occur when the width of the 
cavity is sufficient for them to oscillate. Consequently they may be eliminated 
by suitable narrowing of the laser cavity. 

6.2.5 Thraahold Condition for Laser Oscillation 

It has been indicated that steady state conditions for laser oscillation are 
achieved when the gain in the amplifying medium exactly balances the total 
losses,* Hence although population inversion between the energy levels provid¬ 
ing the laser transition is necessary for oscillation to be established, it is not 
alone sufTicient for lasing to occur. In addition a minimum or threshold gain 
within the amplifying medium must be attained such that laser oscillations are 
initiated and sustained. This threshold gain may be determined by considering 
the change in energy of a light beam as it passes through the amplifying 
medium. For simplicity ail the losses except those due to transmission through 
the mirrors may be included in a single loss coefficient per unit length 5 cm"'. 
Again we assume the amplifying medium occupies a length L completely filling 
the region between the two mirrors which have reflectivities and rj. On each 


This applies to CW laser whkb gives a coiUinuous output, rather than pulsed devices for 
which slightly difTerent cot>ditiOBS aisL For oscUlaUon to commence the fractionaJ gain and 
loss must be matched. 
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round trip the beam passes through the medium twice. Hence the fractional 
loss incurred by the light beam is: 

Fractional loss = r,r 2 (6.15) 

Furthermore it is found that the increase in beam intensity resulting from 
stimulated emission is exponential [Ref. 4|. Therefore if the gain coefficient per 
unit length produced by stimulated emi^ion isg cm~', the fractional round trip 
gain is given by 

Fractional gain = (6.16) 

Hence 

X r,r2 = 1 

and 

= 1 (6.17) 

The threshold gain per unit length may be obtained by rearranging the above 
expression to give: 

«.h=a + :;— lit— (6.18) 

2L r, rj 

I The second term on the right hand side of Bq. (6.18) represents the transmis¬ 
sion loss through the mirrors.* 

For laser action to be easily achieved it is clear that a high threshold gain 
per unit length is required in order to balance the losses from the cavity. 
However it must be noted that the parameters displayed in Eq. (6.18) are 
totally dependent on the laser type. 

6.3 OPTICAL EfVIISSION FROM SEMICONDUCTORS 
6.3.1 The p-n Junction 

To allow consideration of semiconductor optical sources it is necessary to 
review some of the properties of semiconductor materials, especially with 
regard to the p-n junction. A perfect semiconductor crystal containing no 
impurities or lattice defects is said to be intrinsic. The energy band structure 
I Ref. 11 of an intrinsic semiconductor is illustrated in Fig. 6.8(a) which shows 
the valence and conduction bands separated by a forbidden energy gap or 
bandgap , the width of which varies for different semiconductor materials. 


* Thii term is sometimei expressed h the fonn 1/L In 1/r, where r, the reflectivity of the 
mirrored ends, Is equal to v^(r|r|). 
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Fig. 6.8 (a) Tha energy band structure of an Intrinsic semiconductor at a terriperature 

above absolute zero showing an equal r>umber of electrons and Holes in the con¬ 
duction band and the valence band respectively, (b) The Fertni-Oirac probability 
distribution corresponding to (a). 

Figure 6.8(a) shows the situation in the semiconductor at a temperature above 
absolute zero where thermal excitation raises some electrons from the valence 
band into the conduction band leaving empty hole states in the valence band. 
These thermally excited electrons in the conduction band and the holes left in 
the valence band allow conduction through the materiali and are called 
carriers. 

For a semiconductor in thermal equilibrium the energy level occupation is 
described by the Fermi-Dirac distribution TuncHon (rather than the Boltz* 
mann). Consequently the probability P(E) that an electron gains sufficient 
thermal energy at an absolute temperature Tthat it will be found occupying a 
particular energy level E, is given by the Fermi-Dirac distribution [Ref. 1|: 


P(E) = - 

1 + exp (E - Ep)/KT 


(6.19) 


where K is Boltzmann’s constant and Ep is known as the Fermi energy or 
Fermi level. The Fermi level is only a mathematical parameter but it gives an 
indication of the distribution of carriers within the material. This is shown in 
Fig. 6.8(b) for the intrinsic semiconductor where the Fermi level is at the center 
of the bandgap, indicating that there is a small probability of electrons occupy¬ 
ing energy levels at the bottom of the conduction band and a corresponding 
number of holes occupying energy levels at the top of the valence band. 

To create an extrinsic semiconductor the material is doped with impurity 
atoms which either create more free electrons (donor impurity) or holes 
(acceptor impurity). These two situations are shown in Fig. 6.9 where the 
donor impurities form energy levels just below the conduction band whilst 
acceptor impurities form energy levels just above the valence band. 
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Eiicrg> 








• Dooor impunly le*'el 
Acceptor ODinmljr level—* 






f,) 

Fig. 6.9 Energy barid diagrams: (a) « type semiconductor; (b) p type semiconductor 

When donor impurities are added, ihermally excited electrons from the 
donor levels are raised into the conduction band to create an excess of negative 
charge carriers and the semiconductor is said to be n type, with the majority 
carriers being electrons. The Fermi level corresponding to this carrier distribu¬ 
tion is raised to a position above the center of the bandgap as Dlustrated in 
Fig. 6.9(a). When acceptor impurities are added as shown in Fig. 6,9(b) 
thermally excited electrons are raised from the valence band to the acceptor 
impurity levels leaving an excess of positive charge carriers in the valence band 
and creating a p type semiconductor where the majority carriers are holes. In 
this case the Fermi level is lowered below the centre of the bandgap. 

The p-n junction diode is formed by creating adjoining p and n type 
semiconductor layers in a single crysul as shown in Fig. 6.10(a). A thin deple¬ 
tion region or layer is formed at the junction through carrier recombination 
which effectively leaves it free of mobile charge carriers (both electrons and 
holes). This establishes a potential barrier between the p and n type regions 
which restricts the interdiffusion of majority carriers from their respective 
regions as illustrated in Fig. 6.10(b). In the absence of an externally applied 
voltage no current flows as the potential barrier prevents the net flow of 
carriers from one region to another. When the junction is in this equilibrium 
state the Fermi level for the p and n type semiconductor is the same as shown 
in Fig. 6.10(b). 

The width of the depletion region and thus the magnitude of the potential 
barrier is dependent upon the carrier concentrations (doping) in the p and n 
type regions, and any external applied voltage. When an external positive 
voltage is applied to the p type region wtth respect to the n type, both the deple¬ 
tion region width and the resulting potential barrier are reduced and the diode 
is said to be forward biassed. Electrons from the n type region and holes from 
the p type region can flow more readily across the junction into the opposite 
type region. These minority carriers are effectively injected across the junction 
by the application of the external volti«e and form a current flow through the 
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Depletion layer 

p-type H-tyjK 



Fi 9 . 6.10 (a) The Impurltiee and charge carriers at a p-n junction, {b} The energy band 

diagram correspor>din 9 to (a). 

device as they continuously diffuse away froin the interface. However, this 
situation in suitable semiconductor materials allows carrier recombination with 
the emission of light. 

6.3.2 Spontaneoua Emiasion 

The increased concentration of minority carriers in the opposite type region in 
the forward biassed p-n diode leads to the recombination of carriers across the 
bandgap. This process is shown in Fig. 6.11 for a direct bandgap (see Section 



p-Cype iMypc 

Pig. 6.11 The p-n junction with forward bias giving spontaneoui emlMlon of photons. 
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6 .3.3) semiconductor material where the normally empty electron stales in the 
conduction band of the p type material and the normally empty hole states in 
the valence band of the n type mrUerial are populated by injected carriers 
which recombine across the bandgap. The energy released by this electron- 
hole recombination is approximately equal to the bandgap energy . Excess 
carrier population is therefore decreased by recombination which may be 
radiative or nonradiative. 

In nonradiative recombination the energy released is dissipated in the form 
of lattice vibrations and thus heat. However, in band to band radiative recom¬ 
bination the energy is released with the creation of a photon (see Fig. 6.11) 
with a frequency following Eq. (6.20) where the energy is approximately equal 
to the bandgap energy and therefore: 

a hf (6.20) 

This spontaneous emission of light from within the diode structure is known as 
electroluminescence.* The light is emitted at the site of carrier recombination 
which is primarily close to the junction, although recombination may take 
place throughout the diode structure as carriers diffuse away from the junction 
region (see Fig. 6.12). However, the amount of radiative recombination and 
the emission area within the structure is dependent upon the semiconductor 
materials used and the fabrication of the device. 



Fig. 8.12 An illustration of carrier recombination giving spontaneous emission of light in 
a p-n junction diode. 


* The (erm electroluminescence is used when the optical emission results from the application 
^ an electric field. 
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6.3.3 Carrier Recombination 

6.3.3.1 Direct and Indirect Bandgap Semicor^ductors 
In order to encourage electroluoiin^cence it is necessary to select an 
appropriate semiconductor material. The most useful materials for this 
purpose are direct bandgap semicoDductors in which electrons and holes on 
either side of the forbidden energy gap have the same value of crystal 
momentum and thus direct recombination is possible. This process is 
illustrated in Fig. 6.13(a) with an energy-momentum diagram for a direct 
bandgap semiconductor, ft may be observed that the energy maximum of the 
valence band occurs at the same (or very nearly the same) value of electron 
crystal momentum* as the energy minimum of the conduction band. Hence 
when electron-hole recombination occurs the momentum of the electron 
remains virtually constant and the energy released, which corresponds to the 
bandgap energy E^, may be emitted as light. This direct transition of an 
electron across the energy gap provides an efficient mechanism for photon 
emission and the average time the minority carrier remains in a free state 
before recombination (the minority carrier lifetime) is short (lO'^-lO"*^ s). 
Some commonly used direct bandgap semiconductor materials are shown, in 
Table 6.1 iRef. 3]. 



Fig. 6.13 Energy-momentum diagrams showing the types o1 transition: (a} direct 
bandgap semiconductor; ib) indirect bandgap semiconductor. 


* The crystal momentum p is related to the wavcvector k for an electron in a crystal by 
p^lnhk, where h is Planck’s constant [Ref. 1]. Hence the abscissa of Pig. 6.13 is often 
shown as the electron wavevector rather than momentum. 
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Table 6.1 Some direct and indirect bandgap semiconductors with 
calculated recombination coefficients 


Semiconductor 

material 

Energy bandgap 
ieV) 

Recombination coefficient B, 

(cm* 

GaAs 

Direct: 1.43 

7.21 X 10-'® 

GaSb 

Direct: 0-73 

2.39 X 10-'® 

InAs 

Direct: 0.35 

8.5 X 10'" 

InSb 

Direct: 0.18 

4.58 X I0-" 

Si 

Indirect: 1.12 

1.79 X 10-'* 

Ge 

Indirect: 0.67 

5.25 X 10*'* 

GaP 

Indirect: 2.26 

5.37 X 10-'^ 


In indirect bandgap semiconductors, however, the maximum and minimum 
energies occur at different values of crystal momentum (Fig. 6.13(b)), For 
electron-hole recombination to take place it is essential that the electron loses 
momentum such that it has a value of momentum corresponding to the 
maximum energy of the valence band. The conservation of momentum 
requires the emission or absorption of a third particle, a phonon. This three 
particle recombination process is far less probable than the two particle 
process exhibited by direct bandgap semiconductors. Hence, the recombina¬ 
tion in indirect bandgap semiconductors is relatively slow (10“^-10^ s). This 
is reflected by a much longer minority carrier lifetime together with a greater 
probability of nonrad iaiive transitions. The competing nonradiative recom¬ 
bination processes which involve lattice defects and impurities (e.g. precipitates 
of commonly used dopants) become more likely as they allow carrier recom¬ 
bination in a relatively short time in most materials. Thus the indirect bandgap 
emitters such as silicon and germanium shown in Table 6.1 give insignificant 
levels of electroluminescence. This disparity is further illustrated in Table 6.1 
by the values of the recombination coefficient given for both the direct and 
indirect bandgap recombination semiconductors shown. 

The recombination codlicient is obtained from the measured absorption 
coefficient of the semiconductor, and for low injected minority carrier density 
relative to the majority carriers it is related approximately to the radiative 
minority carrier lifetime* t, by [Ref. 4|: 

t, = + P)|-' (6.21) 

where N and P arc the respective majority carrier concentrations in the n and p 
type regions. The significant difference between the recombination coefficients 
for the direct and indirect bandgap semiconductors shown, underlines the 
importance of the use of direct bandgap materials for electroluminescent 


• The radiative minority carrier Irfetime Is defined as the average time a minority carrier can 
axlit in a fttt ittce before radiative recombination takes place. 
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sources. Direct bandgap semiconductor device in general have a much higher 
internal quantum efficiency. This is the ratio of the number of radiative recom¬ 
binations (photons produced within the structure) to the number of injected 
carriers which is often expressed as a percentage. 


Example 6.3 

Compare the approximate radiative minofity carrier lifetimes in gallium arsenide and 
silicon when the minoritv carriers are electrons injected into the p type region which 
has 8 hole concentration of 10^® cm“^. The injected electron density is small com¬ 
pared with the mejorilv carrier density. 

So/ution: Equation (6.21) gives the radiative minorily carrier lifetime as 

Xr s ia,W + P)]’' 

In the p type region the hole concentration determines the radiative carrier lifetime 
as P>N. Hence, 

T, = 15,/V|-' 

Thus for gallium arsenide: 

t, s [7.21 X lO-’” X 10'®)-' 

= t .39 X 10"® 

= 1.39 ns 

For silicon: 

■t, ~ (1.79 X lO"'® X 10’®)-^ 

= 6.58 X 10 * 

* 0.56 ms 

Thus the direct bartdgap gdlllum arsenide has a radiative carrier lifetime factor of 
around 2.5 x 10'^ iess than the Indirect bandgap silicon. 


6 .3.3.2 Other Radiative Recombination Processes 
In the previous sections only full bandgap transitions have been considered to 
give radiative recombination. However energy levels may be introduced into 
the bandgap by impurities or lattice defects within the material structure which 
may greatly increase the electron^ole recombination (effectively reduce the 
carrier lifetime). The recombination process through such impurity or defect 
centers may be either radiaUve or nonradiative. Major radiative recombination 
processes at 300 K other than band to band transitions are shown in Fig. 6.14. 
These are band to impurity center or impurity center to band, donor level to 
acceptor level and recombination involving isoelectronic impurities. 

Hence an indirect bandgap semiconductor may be made into a more useful 
electroluminescent material by the addition of impurity centers which will 
effectively convert it into a direct bandgap material. An example of this is the 
introduction of nitrogen as an impurity into gallium phosphide. In this case the 
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Msjor radiative recombination processes at 300 K: (a) conduction to valence 
band (band to band) transition; (b) conduction band to acceptor impurity, and 
donor Impurity to valence band transition; (c) donor impurity to acceptor 
impurity transition; (d) recombination from an isceiectronic impurity to the 
valence barrd. 


nitrogen forms an isoelecironic impurily as il has the same number of valence 
(outer shell) electrons as phosphorus but with a different covalent radius and 
higher electronegativity [Ref. 1]. The nitrogen impurity center thus captures an 
electron and acts as an isoelectronic trap which has a large spread of 
momentum. This trap then attracts the oppositely charged carrier (a hole) and 
a direct transition takes place between the impurity center and the valence 
band. Hence gallium phosphide may become an efTicieni light emitter when 
nitrogen is incorporated. However, such conversion of indirect to direct 
bandgap transitions is only readily achieved in materials where the direct and 
indirect bandgaps have a small energy difTerence. This is the case with gallium 
phosphide but not with silicon or germanium. 


6.3.4 Stimulated Emission and tasing 

The general concept of stimulated emission via population inversion was 
indicated in Section 6.2.3. Carrier population inversion is achieved in an 
intrinsic (undoped) semiconductor by the injection of electrons into the con¬ 
duction band of the material. This is illustrated in Fig. 6.15 where the electron 
energy and the corresponding filled states are shown. Figure 6.15(a) shows the 
situation at absolute zero when the conduction band contains no electrons. 
Electrons injected into the material fill the lower energy states in the conduc¬ 
tion band up to the injection energy or the quasi Fermi level for electrons. 
Sinea charge neutrality is conserved witbm the material an equal density of 
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Fig. 6.15 The filled electron states for an intrinsic direct bandgap semiconductor at 
absolute eeio |Ref. 8|: (a) in equilibrium: (b) with high carrier Injectfon. 


holes is created in the top of the valence band by the absence of electrons as 
shown in Fig, 6.15(b) (Ref. 5). 

Incident photons with energy but less than the separation energy of the 
quasi Fermi levels cannot be absorbed because the necessary 

conduction band states are occupied. However, these photons can induce a 
downward transition of an electron from the filled conduction band states into 
the empty valence band states thus stimulating the emission of another photon. 
The basic condition for stimulated emission is therefore dependent on the quasi 
Fermi level separation energy as well as the bandgap energy and may be 
defined as: 

f p, - >/{/'> £, (6.22) 

However, it must be noted that we have described an ideal situation whereas at 
normal operating temperatures the distribution of electrons and holes is less 
well defined but the condition for stimulated emission is largely maintained. 

Population inversion may be obtained at a p-n junction by heavy doping 
(degenerative doping) of both the p and n type material. Heavy p type doping 
with acceptor impurities causes a lowering of the Fermi level or boundary 
between the filled and empty states into the valence band. Similarly degenera¬ 
tive n type doping causes the Fermi level to witer the conduction band of the 
material. Energy band diagrams of a degenerate p-n junction are shown in 
Fig. 6.16. The position of the Fermi level and. the electron occupation 
(shading) with no applied bias are shown in Fig, 6.16(a). Since in this case the 
junction is in thermal equilibrium, the Fermi energy has the same value 
throughout the material. Figure 6.16(b) shows the p^n junction when a 
forward bias nearly equal to the bandgap voltage is applied and hence there is 
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(h) 


Fig. 6.16 




The degenerate i>~f^ junctiont (a) with no applied bias; ^b) with strong lorwsrd 
bias such that ihe separation of the quasi Fermi levels is higher than the 
electron-hole recombination energy in the narrow active region. Hence 
stimulated emission is obtained in this region. 


direct conduction. At high injection carrier density* in such a junction there 
exists an active region near the depletion layer that contains simultaneously 
degenerate populations of electrons and holes (sometimes termed doubly 
degenerate). For this region the condition for stimulated emission of Eq. (6.22) 
is satisfied for electromagnetic radiation of frequency EJh<f< 
{Efc -Ef^yh. Therefore any radiaUon of this frequency which is confined to 
the'active region will be amplified. In general the degenerative doping dist¬ 
inguishes a p~n junction which provides stimulated emission from one which 
gives only spontaneous emission as in the case of the LED. 

Finally it must be noted that high impurity concentration within a 
semiconductor causes differences in the energy bands in comparison with an 
intrinsic semiconductor. These differences are particularly apparent in the 
degeneratively doped p-n junctions used for semiconductor lasers. For 
instance at high donor level concentrations in gallium arsenide, the donor 
impurity levels form a band that merges with the conduction band. These 
energy states, sometimes referred to as ‘bandtail’ states [Ref. 7 ] extend into the 
forbidden energy gap. The laser transition may take place from one of these 


• This mty be Urgely considered to be dectrons ityerted into the p-n region because of their 
fTMtir mobility, 
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states. Furthermore the transitions may terminate on acceptor states which 
because of their high concentration also extend as a band into the energy gap. 
In this way the lasing transitions may occur at energies less than the bandgap 
energy , When transitions of this type dominate, the lasing peak energy is 
less than the bandgap energy. Hence the effective lasing wavelength can be 
varied within the electroluminescent semiconductor used to fabricate the junc¬ 
tion laser through variation of the impurity concentration. For example, the 
lasing wavelength of gallium arsenide may be varied between 0.85 and 
0.95 jxm although the best performance is usually achieved in the 0.88 to 
0.91 um band (see problem 6.5). 

However, a further requirement of the Junction diode is necessary to 
establish lasing. This involves the provision of optical feedback to give laser 
oscillation. It may be achieved by the formation of an optical cavity (Fabry- 
Perot cavity, see Section 6.2.4) within the structure by polishing the end faces 
of the junction diode to act as mirrors. Each end of the junction is polished or 
cleaved and the sides are roughened to prevent any unwanted light emission 
and hence wasted population inversion. 

In common with all other laser types a requirement for the initiation and 
maintenance of laser oscillation i$ that the optical gain matches the optical 
losses within the cavity (see Section 6.2.5). For the p-n junction or 
semiconductor laser this occurs at a particular photon energy within the 
spectrum of spontaneous emission (usually near the peak wavelength of 
spontaneous emission). Thus when extremely high currents are passed through 
the device (i.e. injection levels of around 10*^ carriers cm*^), spontaneous 
emission with a wide spectrum (linewidth) becomes lasing (when a current 
threshold is passed) and the linewidth subsequently narrows. 

An idealized optical output power against current characteristic (also called 
the light output against current characteristic) for a semiconductor laser is 
shown in Fig. 6.17. The current threshold is indicated and it may be observed 
that the device gives little light output in the region below the threshold current 



Fig. 6.17 The Ideal light output BQBlnet current caracterlatlc tor an Injection laetf. 
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which corresponds to spontaneous emission only within the structure. 
However, after the threshold current is reached, the light output increases sub¬ 
stantially for small increases in current through the device. This corresponds to 
the region of stimulated emission when the device is acting as an amplifier of 
light. 

For strongly confined structures the threshold current density for stimulated 
emission 7,^ is to a fair approximation [Ref. 4] related to the threshold gain 
coefficient for the laser cavity through: 

1 . = Mh (6-23) 

where the gain factor P is a constant appropriate to specific devices. Detailed 
discussion of the more exact relationship is given in Ref. 4. 

Substituting for g,j, from Eq. (6.18) and rearranging we obtain: 




1 1 
+ —In 
2L r,ri 


] 


(6.24) 


Since for the semiconductor laser the mirrors are formed by a dielectric plane 
and often uncoated, the mirror reflectivities r, and /"j may be calculated using 
the Fresnel reflection relationship of Eq. (4.12). 


Example 6.4 

A GaAs Injection laser has an optical cavity of length 250 gm end width 100 At 
normal operating temperature the gain factor ^ is 21 x 10“^ Acm‘^ and the loss 
coefficient d per cm is 10. Determine the threshold current density and hence the 
threshold current for the device. Il may be assumed that the cleaved mirrors are 
uncoated and that the current la restricted to the optical cavity. The refractive index 
of GaAs may be taken as 3.6. 

Sofution: The reflectivity for normal incidence of a plane wave on GaAs-aIr 
Interface may be obtained from Eq. 14.12) where: 


fi »=^2 


(^) 


/ 3.6-1 

*1- I i5f0.32 

\3.6+ 1 / 


The threshold current density may be obtair>ed from Eq. <6.24) where; 
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-- ^ j ["10 +- 1 

21x10-* L 250x 10^ O 32 J 

= 2.65 X 10^ A cm ^ 

The threshold current Is given by: 

= 'Ah ^ of optical cavity 
^ 2.65 X 10^ X 250 x 100 x 10“® 

663 mA 

Therefore the threshold current for this device is 663 mA if the current flow is 
restricted to the optical cavity. 


As the stimulated emission minority carrier lifetime is much shorter 
(typically 10"“ s) than that due to spontaneous emission, further increases in 
input current above the threshold will result almost entirely in stimulated emis¬ 
sion, giving a high internal quantum efficiency (50-100%). Also, whereas 
incoherent spontaneous emission has a linewidth of tens of nanometers, 
stimulated coherent emission has a linewidth of a nanometer or less. 

6.3«S Hotorojunctiona 

The previous sections have considered the photoemissive properties of a single 
p-n junction fabricated from a single crystal semiconductor material. This is 
known as a homojunction. However the radiative properties of a junction 
diode may be improved by the use of heterojunctions. A heterojunction is an 
interface between two adjoining single crystal semiconductors with different 
bandgap energies. Devices which are fabricated with heterojunciions are said 
to have heterostructure. 

Heterojunctions are classified into cither an isotype {n^n or p-p) or an 
anisotype (p-n). The isotype heterojunecion provides a potential barrier within 
the structure which is useful for the confinement of minority carriers to a small 
active region (carrier confinement). It effectively reduces the carrier diffusion 
length and thus the volume within the structure where radiative recombination 
may take place. This technique is widely used for the fabrication of injection 
lasers and high radiance LEDs. Isotype heterojunctions are also extensively 
used in LEDs to provide a transparent layer close to the active region which 
substantially reduces the absorption of light emitted from the structure. 

Alternatively anisotype heterojunctions with sufficiently large bandgap 
differences improve the injection efficiency of either electrons or holes. Both 
types of heterojunction provide a dielectric step due to the different refractive 
indices at either side of the junction. This may be used to provide radiation 
confinement to the active region (i.e» the walls of an optical waveguide). The 
efficiency of the containment depends upon the magnitude of the step which 
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is dictated by the difference in bandgap energies and the wavelength of the 
radiation. 

It is useful to consider the application of heterojunctions in the fabrication of 
a particular device. They were first used to provide potential barriers in injec¬ 
tion lasers. When a double heterojunction (DH) structure was implemented, 
the resulting carrier and optical confinement reduced the threshold currents 
necessary for lasing by a factor of around 100. Thus stimulated emission was 
obtained with relatively small threshold currents {50-200 mA). The layer 
structure and an energy band diagram for a DH injection laser are illustrated 
in Fig. 6.18. A heterojunction is shown either side of the active layer for laser 
oscillation. The forward bias is supplied by connecting a positive electrode of a 
supply to the p side of the structure and a negative electrode to the n side. 
When a voltage which corresponds to the bandgap energy of the active layer is 
applied, a large number of electrons (or holes) are injected into the active layer 
and laser oscillation commences. These carriers are confined to the active layer 
by the energy barriers provided by the heterojunctions which are placed within 
the diffusion length of the injected carriers. It may also be observed from 
Fig. 6.18(c) that a refractive index step (usually a difference of 5-10%) at the 
heterojunctions provides radiation containment to the active layer. In effect the 
active layer forms the center of a dielectric waveguide which strongly confines 
the electroluminescence within this region as illustrated in Fig, 6.18(c). The 
refractive index step shown is the same for each heterojunction which is desir¬ 
able in order to prevent losses due to lack of waveguiding which can occur if 
the structure is not symmetrical. 

Careful fabrication of the heierojunctions is also important in order to 
reduce defects at the interfaces such as misfit dislocations or inclusions which 
cause nonradialive recombination and thus reduce the internal quantum 
efficiency. Lattice matching is therefore an important criterion for the 
materials used to form the interface. Ideally heterojunctions should have a very 
small lattice parameter mismatch of no greater than 0.1%. However, it is often 
not possible to obtain such good lattice parameter matching with the semi¬ 
conductor materials required to give emission at the desired wavelength and 
therefore much higher lattice parameter mismatch is often tolerated (=i 0.6%). 

6.3.6 Semiconductor Materials 

The semiconductor materials used for optical sources must broadly fulfill 
several criteria. These are: 

(a) p-n junction formation. The materials must lend themselves to the forma¬ 
tion of p-n junctions with suiteble characteristics for carrier injection. 

(b) Efficient electroluminescence. The devices fabricated must have a high 

probability of radiative transitions and therefore a high internal quantum 

efficiency. Hence the materials utilized must be either direct bandgap 
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semiconductors or indirect bandgap semiconductors with appropriate 
impurity centers. 

(c) Useful emission wavelength. The materials must emit light at a suitable 
wavelength to be utilized with current optical fibers and detectors 
(0.8-1.7 pm). Ideally they should allow bandgap variation with 
appropriate doping and fabrication in order that emission at a desired 
specific wavelength may be achieved. 

Initial investigation of electroluminescent materials for LEDs in the early 
1960s centered around the direct bandgap III-V alloy semiconductors includ¬ 
ing the binary compounds gallium arsenide (GaAs) and gallium phosphide 
(GaP) and the ternary gallium arsenide phosphide (GaAs^P,_J. Gallium 
arsenide gives efficient electroluminescence over an appropriate wavelength 
band (0 88-0.91 pm) and for the first generation optica! fiber communication 
systems was the first material to be fabricated into homojunction 
semiconductor lasers operating at low temperature [Ref. 8]. It was quickly 
realized that improved devices could be fabricated with heterojunction 
structures which through carrier and radiation confinement would give 
enhanced light output for drastically reduced device currents. These 
heterostructure devices were first fabricated using liquid phase epitaxy (LPE) 
to produce GaAs/Al,Oa|..As single heierojunction lasers, This process 
involves the precipitation of material from a cooling solution onto an underly¬ 
ing substrate. When the substrate consists of a single crystal and the lattice 
constant or parameter of the precipitating material is the same or very similar 
to that of the substrate (i.e. the unit cells within the two crystalline structures 
are of a similar dimension), the precipitating materia) forms an epitaxial layer 
on the substrate surface. Subsequently the same technique was used to 
produce double heterojunctions consisting of AI^Ga,^ As/GaAs/AUGUi^, As 
epitaxial layers, which gave continuous (CW) operation at room temperature 
[Refs. 9 and 10). Some 6fthc common material systems now utilized for double 
heterojunction device fabrication together with their useful wavelength ranges 
are shown in Table 6.2. 


Table 6.2 


Some common material systems used in the fabrication 
of electroluminescent sources for optical fiber 
communications 


Material systems 

active layer/confining layers 


Useful wavelength 
range (^m) 


GaAs/AI,G8,_,As 

GaAs/ln^Gai^xP 

hyGa^-yAe/ln^Ga,.^ P 

GinyAlyAawSb^/GaSb 

ln,^Gi,Ai-P,-^/InP 


0-8-0.9 

0.9 

0.65-0.9 
0.85-1.1 
0.9-1.1 
1.0-1.7 
0.92-1.7 


Substrate 


GaAs 

GaAs 

GaAs 

GaAs 

GaAs 

GaSb 

InP 
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The GaAs/AlGaAs DH system is currently by far the best developed and is 
used for fabricating both lasers and LEDs for the shorter wavelength region. 
The bandgap in this material may be ^adored’ to span the entire 0.8^.9 pm 
wavelength band by changing the AlGa composition. Also there is very little 
lattice mismatch (0.017%) between the AIGaAs epitaxial layer and the GaAs 
substrate which gives good internal quantum efficiency. In the longer 
wavelength region (l.l-l.6um) a number of III-V alloys have been 
investigated which are compatible with GaAs^ InP and GaSb substrates. These 
include ternary alloys such as GaAs^.^Sb, and In^Gaj.^As grown on GaAs. 

However, although the ternary alloys allow bandgap tailoring they have a 
fixed lattice parameter. Therefore, quaternary dloys which allow both 
bandgap tailoring and control of the lattice parameter (i.e. a range of lattice 
parameters is avaUable for each bandgap) appear to be of more use for the 
longer wavelength region. The most advanced are In^.^Ga^As^P,.^ lattice 
matched to InP and Ga|.yAl^As,.,Sbj, lattice matched to GaSb. Both these 
material systems allow emission over the entire 1.0-1.7 pm wavelength band. 
At present the InGaAsP/InP material system is the most favorable for both 
long wavelength light sources and detectors. This is due to the ease of fabrica¬ 
tion with lattice matching on InP which is also a suitable material for the active 
region with a bandgap energy of 1.35eV at ZOOK. Hence InP/lnGaAsP 
(active/conflning) devices may be fabricated. Conversely GaSb is a low 
bandgap material (0.78 eV at 300 K) and the quaternary alloy must be used 
for the active region in the GaAlAsSb/GaSb system. Thus compositional 
control must be maintained for three layers in this system in order to minimize 
lattice mismatch in the active region whereas it is only necessary for one layer 
in the InP/InOaAsP system. 


6.4 THE SEMICONDUCTOR INJECTION LASER 

The electroluminescent properties of the forward biassed p-n junction diode 
have been considered in the previous sections. Stimulated emission by the 
recombination of the injected carriers is encouraged in the semiconductor 
injection laser (often simply caUed the injection laser) by the provision of an 
optical cavity in the crystal structure in order to provide the feedback of 
photons. This gives the injection laser several major advantages over other 
semiconductor sources (e.g. LEDs) that may be used for optical communica¬ 
tions. These are: 

(a) High radiance due to the amplifying effect of stimulated emission. Injection 
lasers will generally supply milliwatts of optical output power. 

(b) Narrow linewidth of the order of 1 nm (10 A) or less which 1$ useful in 
minimizing the effecti of material dispersion. 
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(c) Modulation capabilities vjhich at present extend up into the gigahertz 
range and will undoubtedly be improved upon. 

(d) Relative temporal coherence which is considered essential to allow 
heterodyne (coherent) detection in high capacity systems, but at present is 
primarily of use in single mode systems. 

(e) Good spatial coherence which allows the output to be focused by a lens 
into a spot which has a greater intensity than the dispersed unfocused 
emission. This permits efficient coupling of the optical output power into 
the fiber even for fibers with low numerical ^rture. The spatial field 
matching to the optical fiber which may be obtained with the laser source 
is not possible with an incoherent emitter and consequently coupling 
efficiencies are much reduced. 

These advantages, together with the compatibility of the injection laser with 
optical fibers (e.g. size) led to the early developments of the device in the 
1960s. Early injection lasers had the form of a Fabry-Perot cavity often 
fabricated in gallium arsenide which was the major III-V compound 
semiconductor with electroluminescent properties at the appropriate wave¬ 
length for first generation systems. The basic structure of this homojunction 
device is shown in Fig. 6.19, where the cleaved ends of the crystal act as partial 
mirrors in order to encourage stimulated emission in the cavity when electrons 
are injected into the p type region. However, as mentioned previously these 
devices had a high threshold current density (greater than 10* A cm"^) due to 
their lack of carrier containment and proved inefficient light sources. The high 
current densities required dictated that these devices when operated at 300 K 
were largely utilized in a pulsed mode in order to minimize the junction 
temperature and thus avert damage. 

Improved carrier containment and thus lower threshold current densities 
(around 10^ Acm'^) were achieved using hcterojunction structures (see 
Section 6.3.5). The double heterojujiction injection laser fabricated from lattice 
matched III-V alloys provided both carrier and optical confinement on both 
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sides of the p-n junction giving the injection laser a greatly enhanced perfor¬ 
mance, This enabled these devices with the appropriate heat sinking to be 
operated in a continuous wave (CW) mode at 300 K with obvious advantages 
for optical communications (e.g. analog transmission). However, in order to 
provide reliable CW operation of the DH injection laser it was necessary to 
provide further carrier and optical confinement which led to the introduction of 
stripe geometry DH laser configurations. Prior to discussion of this structure, 
however, it is useful to consider the efRciency of the semiconductor injection 
laser as an optical source. 


6.4.1 Efficiency 

There are a number of ways in which the operational efficiency of the 
semiconductor laser may be defined. A useful definition is that of the differen¬ 
tial external quantum efficiency which is the ratio of the increase in photon 
output rate for a given increase in the number of injected electrons. If is the 
optical power emitted from the device, / is the current, e is the charge on an 
electron, and f\f is the photon energy, then: 


dlte ^dUE^) 


(6.25) 


where is the bandgap energy expressed in electronvolts. It may be noted 
that tip gives a measure of the rate of change of the optical output power with 
current and hence defines the slope of the output characteristic (Fig. 6.17) in 
the lasing region, for a particular device. Hence is sometimes referred to as 
the slope quantum efficiency. For a C W semiconductor laser it usually has 
values in the range 40-60%. Alternatively the internal quantum efficiency of 
the semiconductor laser q,, which was defined in Section 6.3.3.1 as: 


number of photons produced in the laser cavity 
number of injected electrons 


(6.26) 


may be quite high with values usually in the range 50-100%. It is related to the 
differential external quantum efficiency by the expression [Ref. 4]: 

where a is the loss coefficient of the laser cavity, L is the length of the laser 
cavity and are the cleaved minor reflectivities. 

Another parameter is the total efficiency (external quantum efficiency) qy 
which is efficiency defined as: 


total number of output photons 

Tjj s ' ' ‘ .11 — 

total number injected electrons 


(6.28) 
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(6.29) 


As the power emitted changes linearly when the injection current / is 
greater than the threshold current then: 


% 




(6.30) 


For high injection current (e.g. 7 = 5/*) then % whereas for lower 

currents (7 c: 2/,^) the total efTiciency is lower and around 15-25%. 

The external power efliciency of the device (or device efficiency) in con¬ 
verting electrical input to optical output is given by: 


P P 

n„ =— X 100 = —X 100% 

l«P p jy 


(6,31) 


where P = IV is the d.c. electrical input power. 
Using Eq. (6,29) for the total efficiency we find; 


w-% (^) 


X 100% 


(6.32) 


Example 6.S 

The total afflcier^cy of an injection laser with e OaAs active region Is 1S%. The 
voltage applied to the device is 2.5 V and the bandgap energy for GaAi is 1,43 eV. 
Calculate the external power efficiency of the device. 

Solution' Using Eq. <6.32). the external power efficiency is given by; 






X 100 is 10% 


This result indicates the possibility of achieving high overall power efficiencies from 
semiconductor lasers which are much larger than for other laser types. 


6.4.2 Stripe Geometry 

The DH laser structure provides optical confinement in the vertical direction 
through the refractive index step at the heterojunction interfaces, but lasing 
takes place across the whole width rf the device. This situation is illustrated in 
Fig. 6.20 which shows the broad area DH laser where the sides of the cavity 
are simply formed by roughening the edges of the device in order to reduce 
unwanted emission in these directions and limit the number of horizontal 
transverse modeSi However* the broad emission area creates several problems 
ineluding diflieult heat linkingi lasing trotn multiple filaments in the relatively 
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<'<XTUct inealli2ation 



Fig. 6.20 A broad area GaAs/AIGaAs DH injection laaor. 


wide active area and unsuitabk light output geometry for efficient coupling to 
the cylindrical fibers. 

To overcome these problems whilst also reducing the required threshold 
current^ laser structures in which the active region does not extend to the edges 
of the device were developed. A common technique involved the introduction 
of stripe geometry to the structure to provide optical containment in the 
horizontal plane. The structure of a DH stripe contact laser is shown in 
Fig. 6.21 where the major current flow through the device and hence the active 
region is within the stripe. Generally the stripe is formed by the creation of 
high resistance areas on either side by techniques such as proton bombard¬ 
ment [Ref. 9] Of oxide isolation (Ref. 101. The stripe therefore acts as a guiding 
mechanism which overcomes the major problems of the broad area device. 
However, although the active area width is reduced the light output is still not 



Fig. 6.21 Schematic represtntftilh of an oxide atrloe AiGsAa DH Injaetlon liMr. 
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particularly well collimated due to isotropic emission from a small active 
region and diffraction within the structure. The optical output and far Field 
emission pattern are also illustrated in Fig. 6.21. The output beam divergence 
is typically 45 ° perpendicular to the plane of the junction and 9® parallel to it. 
Nevertheless this is a substantial inqjrovement on the broad area laser. 

The stripe contact device also gives, with the correct balance of guiding, 
single transverse (in a direction parallel to the junction plane) mode opera¬ 
tion whereas the broad area device tends to allow multimode operation in 
this horizontal plane. Numerous stripe geometry laser structures have been 
investigated with stripe widths ranging from 2 to 65 pm, and the DH stripe 
geometry structure is universally utilized for optical fiber communications. 


6.5 MULTIMODE INJECTION LASERS 
6.5.1 Laaer Modes 

The typical output spectrum for a broad area injection laser is shown in 
Fig. 6.22(a). It does not consist of a single wavelength output but a series of 
wavelength peaks corresponding to different longitudinal (in the plane of the 
junction, along the optical cavity) modes within the structure. As indicated in 
Section 6.2,4 the spacing of these modes is dependent on the optical cavity 
length as each one corresponds to an integral number of lengths. They are 
generally separated by a few tenths of a nanometer, and the laser is said to be a 
multimode device. However, Fig. 6.22(a) also indicates some broadening of the 
longitudinal mode peaks due to subpeaks caused by higher order horizontal 


Kelbilvv k 
inkTwCjt A 


(» 



due lu 

ord«t horuvAUl ttktsvur^e 
ib1> 


Wtvrkiigth 



Mg. Output iptctra for mulllmocle inioctlon lasers: (a) broad area device with multi- 

•pbmauams (h\ BtrlDA oAometiv dBvics with single transverse mode, 



268 


OPTICAL FIBER COMMUNICATIONS: PRINCIPLES AND PRACTICE 


transverse modes, * These higher order lateral modes may exist in the broad 
area device due to the unrestricted width of the active region. The correct 
stripe geometry inhibits the occurrence of the higher order lateral modes by 
limiting the width of the (^tical cavity leaving only a single lateral mode which 
gives the output spectrum shown in Fig. 6.22(b) where only the longitudinal 
modes may be observed. This represents the typical output spectrum for a 
good multimode injection laser. 


6.5.2 Structures 

Fabrication of multimode injection lasers with a single lateral mode is 
achieved by the use of stripe geometry. The constriction of the current flow to 
the stripe is realized in the structure either by implanting the regions outside 
the stripe with protons (proton isolated stripe) to make them highly resistive* or 
by oxide or junction isolation. The structure for an aluminum gallium 
arsenide oxide isolated stripe DH laser is shown in Fig. 6.21. It has an active 
region of gallium arsenide bounded on both sides by aluminum gallium 
arsenide regions. This technique has been widely applied especially for laser 
structures used in the shorter wavelength region, The current is confined by 
etching a narrow stripe in a silicon dioxide Him. 

The other two basic techniques are illustrated in Figs. 6.23(a) and (b) which 
show the proton isolated stripe and the p^n junction isolated stripe structures 
respectively. In Fig. 6.24(a) the resistive region formed by the proton bom¬ 
bardment gives better current confinement than the simple oxide stripe and has 
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Fig. 6.23 Schematic representation of structures for stripe geometry injection lasers: 

{a) proton isolated stripe GaA^AIGaAs laser; (bl p-n junction Isolated 
diffused planar stripe) GaAs/AIGaAs laser. 


* Transverse modes in the plane of the junetkm are oflen called lateral modet, transverse 
mode being reserved for modes perpcadictdtr to the Junction pltae. 
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Rg. 6.24 (a) The light output against currant charactaristlc for an injection laser with 

non linearities or a kink in the etimulaied emiseion region. (bJ A typical near 
field ir'teneitv distribution (pattern) in the ptane of the junction for an injection 
laser. 

superior thermal properties due to the absence of the silicon dioxide layer, 
junction isolation involves a selective diffusion through the n type surface 
region in order to reach the p type layers as illustrated in Fig. 6.24(b). None of 
these structures confines all the radiation and current to the stripe region and 
spreading occurs on both sides of the stripe. 

6.5.3 Optical Output Power 

The optical output power against current characteristic for the ideal 
semiconductor laser was illustrated in Fig. 6.17. However, with many practical 
laser diodes this characteristic is not linear in the stimulated emission region 
but exhibits kinks. These kinks may be classified into two broad categories. 

The first type of kink results from dianges in the dominant lateral mode of 
the laser as the current is changed. The output characteristic for laser A in 
Fig. 6.24(a) illustrates this type of kink where lasing from the device changes 
from the fundamental lateral mode to a higher order lateral mode (second 
order) in a current region corresponding to a change in slope. The second type 
of kink involves a ‘spike’ as observed ftff laser B of Fig. 6.24(a). These spikes 
have been shown to be associated with filamentary behavior within the active 
region of the device iRef. 41. The filaments result from defects within the 

crystal structure. . 

Both these mechanisms affect the near and far field intensity distributions 

, (patterns) obtained from the laser. A typical near field intensity distribution 

oorreiponding to a single optical output power level in the plane of the junc- 

tlon is shown in Fig. 6.24(b). As this distribution is in the lateral direction, it is 
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determined by the nature of the lateral waveguide. The single intensity 
maximum shown indicates that the fundamental lateral mode is dominant. To 
maintain such a near field patton the stripe geometry of the device is 
important. In general relatively narrow stripe devices (^10 pm) formed by a 
planar process allow the fundamental lateral mode to dominate. This is 
especially the case at low power levels where near-field patterns similar to 
Fig. 6.24(b) may be obtained. 

6.5.4 Recent Developments 

Recent developments in multimode laser fabrication utilizing aluminum 
gallium arsenide have been involved with three important areas: 

(a) to reduce the required threshold current at room temperature and thus the 
power consumption of the devices; 

(b) to obtain a stable^ narrow, near field intensity distribution for efficient 
coupling of the emitted light to the optical fibers and to remove or reduce 
any kinks in the light output against current characteristic; 

(c) to increase the reliability of the devices. 

Various stripe widths have been utilized in an attempt to optimize these 
factors. The 20 pm wide oxide stripe laser may be fabricated so that its light 
output against current characteristic is relatively free of kinks [Ref. 11] (see 
Fig. 6.25), but it requires a fairly high threshold current of the order of 
180 mA. If attempts are made to lower the threshold current by shortening the 
cavity then the first order longitudinal mode has a lower output power. Also 
the light output against current characteristic, although free from kinks, tends 
to be nonlinear in the lasing region and is therefore of little use for analog 
modulation. 

The narrow stripe laser which utilizes an oxide-defined stripe of less than 
5 pm appears largely to overcome these difficulties. The light output against 



Fig. 6.25 The light output against current cherscterlBtlcB for a 20 iim wide end a 3 iim 
wide oxide stripe injection ieeer (Rett, 11 and 12). 
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current characteristic for a 3 fim stripe laser IRef. 12l is also shown in Fig. 
6.25 and it may be observed that the threshold current is of the order of 
70 mA. This device also has a very linear light output against current 
characteristic. In addition it provides an emission of many longitudinal modes 
which tends to reduce modal noise (see Section 3.11) in the fiber. 

Further reduction in threshold current to 27 mA has been achieved with a 
12 pm wide oxide-defined stripe Al,Ga,_^As laser [Ref. 13] by reducing the 
cavity length to 100 pm and Umiting the current spread by a thin p type 
gallium arsenide cap. Also a dielectric stack was added to the back mirror 
facet. This provided substantially improved reflectivity from this facet ensuring 
that virtually all the optical power was emitted from the other facet thus 
maintaining a good external efficiency with a reduced current density through 
the device. These devices have nearly doubled the useful output efficiencies to 
values as high as 14%, and similar laser structures have been operated in CW 
mode to light output levels above 30 mW. Optical output power levels as high 
as 130 mW have been achieved with wide (65 pm) oxide-defined stripe lasers 
IRef. 14|. However, at these light levels reliability becomes a problem as the 
degradation mechanisms are accelerated (see Section 6.9.6). 


6.6 SINGLE MODE INJECTION LASERS 

These devices are becoming increasingly important in optica! fiber com¬ 
munications. The development of high radiance LEDs for use with low loss, 
low dispersion graded index fibers has diminished the requirement for multi- 
mode laser sources. Early optical fiber system design utilized LED sources 
only for short-haul, low-bandwidth applications with step index fibers. More 
recently advances made in both LED fabrication (see Section 7.3) and graded 
index fibers have led to the use of LED sources in m^ium-haul. medium- 
bandwidth systems. However, for long-haul, high-bandwidth applications it is 
necessary to use single mode fiber where the only current suitable source is the 
single mode laser. Hence there has been much activity in the area of single 
mode laser fabrication in recent years along with the developments in low 

attenuation single mode fiber. 

This has proved to be of special interest in the longer wavelength region, 

around 1.3 and 1.55 pm. where low fiber attenuation may be achieved. However, 

this does not mean that the shorter wavelength region has been neglected with 
regard to single mode lasers. The expertise and knowledge of fabricating with 
the GaAs/AlGaAs system has led to the development of a number of 
structures which allow single mode CW operation. The weU-proven and 
successful AlOaAs single mode laser stipictures will therefore be discussed 
before consideration of the application of similar structures to the longer 

wivelM|th region. 
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6.6.1 Single Mode Operation 

For single mode operation, the optical output from a laser must contain only 
a single longitudinal and single transverse mode. Hence the spectral width of 
the emission from the single mode device is far smaller than the broadened 
transition linewidth discussed in Section 6.2.4. It was indicated that an 
inhomogeneously broadened laser can support a number of longitudinal and 
transverse modes simultaneously giving a multimode output. Single transverse 
mode operation, however, may be obtained by reducing the aperture of the 
resonant cavity such that only the mode is supported. To obtain single 

mode operation it is then necessary to eliminate all but one of the longitudinal 
modes. 

One method of achieving single longitudinal mode operation is to reduce the 
length L of the cavity until the frequency separation of the adjacent modes 
given by Eq. (6.14) as c/2nL is larger than the laser transition line width 
or gain curve. Then only the single mode which falls within the transition 
linewidth can oscillate within the laser cavity. However, it is clear that rigid 
control of the cavity parameters is essential to provide the mode stabilization 
necessary to achieve and maintain this single mode operation. 


6.6.2 Mode Stebiliutlon 

The structures required to give mode stability have been discussed with regard 
to the multimode injection laser (see Section 6.5.2) and similar techniques are 
required to produce a laser emitting a single longitudinal and transverse mode. 
The correct DH structure restricts the vertical width of the waveguiding region 
to less than 0.4 4 m allowing only the fundamental transverse mode to be 
supported and removing any interference of the higher order transverse modes 
on the emitted longitudinal modes. 

The lateral modes (in the plane of the junction) are confined by the restric¬ 
tions on the current flow provided by the stripe geometry. In general only the 
lower order modes are excited which appear as satellites to each of the 
longitudinal modes. However, as mentioned previously (Section 6.5.3), stripe 
contact devices often have instabilities and strong nonlinearities (e.g. kinks) in 
their light output against current characteristics. Tight current confinement as 
well as good waveguiding are therefore essential in order to achieve only the 
required longitudinal modes which form between the mirror facets in the plane 
of the junction. Finally, as indicated in the previous section, single mode opera¬ 
tion may be obtained through control of the optical cavity length such that 
only a single longitudinal mode falls within the gain bandwidth of the device. 
Figure 6.26 shows a typical ou^t spectrum for a single mode device. 

However, injection lasers with short cavity lengths (around 50 pm) are 
difficult to handle and have not been particularly successful. A number of 
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Fig. 6.26 Tyoical single longitudinal mode output spectrum from a single mode injection 
laser. 

Other structures are available which give electrical and optical containment 
and allow single mode operation. 


6.7 SINGLE MODE STRUCTURES 
6.7.1 Buriad Het«rostrueture (BH) Laser 

The BH laser is obtained by etching a narrow mesa stripe (as small as 1 pm in 
width) in DH semiconductor material and effecliveiy burying it in high 
resistivity, lattice matched n type material with an appropriate bandgap and 
low refractive index. This process involves a rather complicated double liquid 
phase epitaxial (LPE) growth to give the structure illustrated in Fig. 6.27. 
These devices may have very small active regions to allow single mode opera¬ 
tion. The small active region also gives low threshold currents of 10 mA or less 
[Refs. 15 and 16] and good linearity without kinks. Wide modulation band- 
widths of 2 GHz have also been obtained [Ref. 16] but the maximum reliable 
optical output power is restricted. In piactice the CW optical power must be 
kept below 1 mW/facet where lifetimes in excess of 2000 hours at 70 °C have 
been reported [Ref. 16|. The other major drawback is the beam divergence in 
the junction plane (40-50®) from the small active region. 
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fig, 6.27 Schematic repreiematlon of the structure of a QaA$/AiGaAs buried hetero 
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^.7.2 Transverse Junction Stripe (TJS) Laser 

This structure is one of the most promising for single mode operation. It has 
had substantial development since its conception in the mid-1970s and is now 
fabricated on a semi-insulating substrate which has largely removed the earlier 
problem of excessive temperature-dependent leakage current. A recent form of 
the device is shown in Fig. 6.28 and consists of a DH multilayer in n type 
semiconductor material. The lateral waveguide is achieved by two consecutive 
zinc diffusions in order that the structure is confined by and p-n gallium 
arsenide homojunctions. Carrier injection is obtained laterally across these 
homojunctions in the central layer and the DH structure confines the carriers 
to the central active region. The device has good characteristics for single 
longitudinal and transverse mode operation with typical threshold currents of 
the order of 20 mA giving CW optical output power of around 3 mW IRef. 
18]. 

Extrapolated device lifetimes of 10^ hours at room temperature have been 
reported [Ref. 19] for the AlOaAs structure which appear to be aided by the 
moderate Junction temperature rise (approximately 10 ®C) due to the low 
values of drive cunent. However, the structure has a strong threshold current 
dependence on temperature (see Section 6.9.1) which makes control of the 
optical emission more difficult at elevated temperatures. 


Za diffuse 


fig. 6.28 The Structure ot a GaAs/AIGaAs transverse juncHon stripe laser. 


6.7.3 Channelled Substrate Lasers 

There are several single mode structures which rely on the growth by liquid 
phase epitaxy over channelled substrates. These include the channelled sub¬ 
strate planar (CSP), the plano-convex waveguide (PCW) and the constricted 
double heterojunction (CDH) which are illustrated in Fig. 6.29. The CSP laser 
structure is fabricated by growing a DH layer on a substrate into which a 
shallow channel has already been etched. This is shown in Fig. 6.29(a) where 
the n type AlGaAs fills the channel giving a fiat active layer. Mode selection is 
thought to be the result of higher order transverse modes undergoing a large 
propagation loss induced by light absorption in the GaA$ substrate on either 
side of the channel. Single mode operation is dependent on the achievement of 
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Fig. 6.29 Schamatic repr6S%mation$ of single mode AlGaAa laser structures; (a) chan* 
neled substrate planar; (b) plano<onvex waveguide; fc) constricted double* 
heterojunction. 


a thin flat layer over the channelled substrate and on deep zinc diffusions 
(wider than the channel) in order to create a uniform current across the 
channel. Typically these devices have a threshold current around 70 mA and a 
median lifetime of 780 hours at 70 (Refs. 18 and 22]. 

The PCW laser structure utilizes a lens shaped lateral waveguide grown by 
LPE over the channel as shown in Fig. 6.29(b). Lateral confinement of both 
current and radiation is provided by the variation in thickness over the lens 
shape which also tends to focus the light giving a narrow active region of 
2-3 pm. A stripe contact is used to restrict the current flow to the active 
region. Single mode operation with current thresholds around 40 mA giving CW 
optical output to 10 mW and linear light output against current characteristics 
have been obtained [Ref. 231. 

The CDH laser structure is grown with a ‘double-dovetail* channel con¬ 
figuration as illustrated in Fig. 6.29(c). The resulting constricted active region 
is defined by a stripe contact approximately 10 pm wide and provides the 
single mode operation of the device. Tight current confinement is not required 
with this structure as the optical cavity is on the least resistive path. This offers 
a distinct advantage over the CSP and PCW laser structures. The devices 
operate with threshold currents m the range 40-70 mA giving CW single 
longltudinil mode output to twice current threshold (10-15 mW optical output 
power) {Refli. 18 and 24]. 
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6.7.4 Distributed Feedback (DFB) Lasers 

These devices consist of a complex structure which determines the wavelength 
of the longitudinal mode emission rather chan the material composition as in 
the more conventional cleaved mirror structures. An optical grating is 
incorporated into the heterostructure waveguide to provide periodic variations 
in refractive index along the direction of wave propagation so that feedback of 
optical energy is obtained through Bragg scattering (see Section 1L8.3). The 
corrugated grating may be applied over the whole active length of the device 
where it gives what is known as distributed feedback and eliminates the need 
for end mirrors. Originally the corrugations were applied directly to the active 
layer [Ref. 25] but the performance of such devices deteriorated rapidly at 
temperatures above 80 K. It is believed this resulted from excessive nonradia- 
tive recombination from defects in contact with the active layer introduced by 
the processes (e.g. ion milling) employed in the formation of the corrugations. 

An improved mesa stripe geometry DFB laser structure fabricated with the 
GaAs/AlGaAs system which employs a separate confinement hetcrostructure 
is shown in Fig. 6.30 [Ref. 26]. In this device the corrugations are separated 
from the active layer and formed in an Alo^orGao^ya As layer on the p side of the 
junction. The n type Al^jOao.^ As and p type Alo. 17 Gao.g 3 As layers confine the 
optical field to the p type GaAs active layer. However^ sufficient optical power 
leaks across the thin p type (csO.l iun) Alo,, 7 Gao,g 3 As buffered layer into the 
corrugated region such that distributed feedback is obtained. Furthermore the 



Fig. 6 30 The structure of a mesa stripe geometry AIGaAs distributed feedback (OP6) 
laser (Ref. 261. 
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p type A 1 o., 7 G^. 83 As layer also acts as a barrier fCH* injected electrons confin¬ 
ing them to the active layer^ thus avoiding excessive nonradiative recombina¬ 
tion in the corrugation region. 

The emission frequency from the structure is determined by the corrugation 
period (see Section 11,8.3). Hence the DFB structure can provide superior 
longitudinal mode discrimination over conventional Fabry-Perot structures 
where single longitudinal mode operation is dependent on the gain spectrum of 
the optical cavity. When suitably fabricated and operating with a single 
longitudinal and transverse mode such DFB lasers can give narrow emission 
linewidths of less than 1 nm in comparison with 1-2 nm for conventional DH 
injection lasers. Fabrication, however, on the channelled substrate requires 
great accuracy to ensure longitudinal mode selection and transverse mode 
control because the cleaved edges of the device are not part of the optical 
cavity. 

A further advantage of the DFB structure over the Fabry-Perot cavity 
design is that it exhibits a reduced wavelength sensitivity to changes in 
temperature and injection current. The emission from a Fabry-Perot ipjection 
laser follows the temperature dependence of the energy gap whereas the lasing 
from the DFB structure follows the smaller temperature dependence of the 
refractive index, The typical wavelength shift with temperature for a DFB laser 
i$ 0-0.05 nm K"' while the ordinary DH structure gives a typical shift of 
0,2-0.5 nm [Ref. 271. Therefore, despite the constructional complexity the 
DFB laser offers interesting possibilities for application in optical fiber 
communications. This is especially the case in relation to integrated optical 
techniques (Section 11.7) which arc starting to be used in the fabrication of 
components and circuits for optical fiber systems, 

6.7«5 Large Optical Cavity (LOC) Lasers 

Ideally, long distance wideband applications require light sources with high 
power single mode CW optical outputs in the range 15-30 mW. To obtain 
such high power operation with current technology it is necessary to increase 
the lasing spot size (active region) both transversely and laterally whilst 
maintaining the single mode selectivity. Two methods of achieving this 
increase in the transverse direction are by use of very thin active layers of 
0.05-0.06 ^m instead of the more typical value around 0.2 pm [Refs. 18 and 
31], or with the large optical cavity. The LOC laser utilizes an additional guide 
layer with a refractive index intermediate between that of the active layer and 
of the n type AlGaAs layer as illustrated in Fig, 6,31 (Ref. 18]. It is within this 
guide layer that the optical mode is mainly propag^ed whilst obtaining optical 
gain from the active layer. 

The LOC technique has been ^)p]ied to BH, PCW and CDH devices, with 
the BH and CDH structures giving increased spot size in both the transverse 
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Fig. 6.31 {a) Schamatic raprasantation of tha structura of a high pewar, aingla mode 

burled heterostructure large optical cavity laser, (b) The light output against 
current cKardctaristic for the 8H LOG laser. Reproduced with permission from 
D Bote*. F»roc. $Pf£ (USA). 224. p. 102. 1980. 


and lateral planes (Ref. 32). The structure shown in Fig. 6.31(a) is for a BH 
LOC laser. However, a problem with the LOC technique is that the guide layer 
allows carrier leakage as well as the spread of the optical mode. This leakage is 
reduced in the structure of Fig. 6.31(a) by the reverse biassed p-n junction 
which is formed during the second LPE growth. The resulting current confine¬ 
ment gives low threshold currents around 20 mA as may be seen from a 
typical characteristic shown in Fig. 6.31(b). h may also be noted that the 
device gives CW optical output power approaching 20 mW. Bandwidths in the 
range of 2 GHz have also been reported (Ref. 16] for these devices which 
exhibit a virtually flat frequency response. 

6.8 LONGER WAVELENGTH INJECTION LASERS 

Semiconductor materials currently under investigation for the longer wave¬ 
length (1.1—1.6 nm) region were outlined in Section 6.3.6. The work has 
centered on the InGaAsP/InP and AIGaAsSb/GaSb systems, the former pre¬ 
pared by both liquid phase and vapor phase epitaxial techniques; the latter 
generally prepared by LPE. Especially promising characteristics have been 
obtained from devices utilizing InGaAsP prepared by both techniques [Ref. 
141. 

Figure 6.32(a) shows the structure of a 12 ^m stripe contact InGaAsP/InP 
CW injection laser grown by VPE and emitting at 1.25 (im [Ref. 36). The 
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Fig. 6.32 


(a) Structure of an InOaAsP/lnP laser for emission at 1.25 (b) The light 

output against current characteristic for the device in {b). Reproduced with per¬ 
mission from G. H. Olsen. C- J. Neuse and M. Elterburg. Appf. Phys. Lett.. 34. 
p. 262. 1979. 


device has a current threshold of 85 mA which may be seen from Fig. 6.32(b) 
and the light output against current characteristic is linear up to 4 mW where a 
kink occurs. It exhibits single longitudinal mode optical output up to this 
power level which indicates that (he radiation is essentially confined to the 
contact stripe. 

However, improved single mode operation may be obtained using the mode- 
confining techniques discussed in the previous section. BH and TJS laser 
structures have been found to give consistent single mode operation with the 
InGaAsP system. Threshold currents as low as 22 mA have been reported 
[Ref. 37J for BH devices with a 1 nm wide active region and single mode opera¬ 
tion to 8 mW has been observed in wider structures of this type [Ref. 38]. The 
structure of a BH InGaAsP/lnP laser which <^erates at 1.5 pm is illustrated in 
Fig. 6.33(a) [Ref. 39j. It comprises a semi-insulating Fe-doped InP substrate 
onto which are grown successively an n type InP confining layer, an InGaAsP 
active layer, a p type InP confining layer and ap type InGaAsP cap layer. The 
buried heterostructure so formed provides an optical cavity of length 250 pm 
and width 2.5 pm. In addition, the qMtaxial layers are mesa etched down to the 
n type InP layer (right hand side of Fig. 6.33a), leaving a 5 pm length for the n 
type electrode. The p type electrode is Formed on the p type InGaAsP cap 
layer. Hence, the two electrodes are provided on the same side of the laser 
chip. Although the previously reported devices operating in the 1.5-1.7 pm 
wavelength band have exhibited fairly high threshold currents (200- 300 mA) 
[Ref. 40], this device was reported to have a threshold current as low as 
38 mA for CW operation at 25 ®C. This ie demonstrated by the light output 
iiiiait current characterliUc for the device shown in Fig. 6.33(b). It may idso 
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Fig. 6.33 {a) Schematic repra$«ntaiion of (he siruccure of d BH InGaAsP/lnP laser on a 

semMneulaling subsiraie. it) The light output against current characteristic for 
the BH laser under CW operation at 26^C. Reproduced with permission from 
1. Metsuoka, K. TakaheL Y. Noguchi and H. Nagel. £/$ctron. Lett., 17. d. 12. 
1981. 

be noted that this characteristic is kink to an optical output power of 
10 mW. However, single mode operation was obtained only at 1.4 times 
threshold or about 2 mW optical output power. 

Another InGaAsP/InP DH structure emitting near the 1.5 wavelength is 
the separated multiclad layer (SML) stripe laser I Ref. 41]. This device has a 
novel waveguide and internal current confmement structure which is illustrated 
in Fig, 6.34. The structure is four layered with the stripe region separating the 
multiclad layer. A coupled waveguide perpendicular to the junction plane is 
formed by the active layer and the n type InGaAsP layer. There is a difference 
in the propagation constant between the mode within the stripe and the modes 
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of the coupled waveguide outside the confines of the stripe which contains the 
optica] field and stabilizes the transverse mode. The current is confined to the 
stripe by the reverse biassed p-n heterojunction. For a device with a stripe 
width of 6 pm and cavity length 250 pm the CW threshold current was found 
to be 90 mA at 25 "C. Single mode optical output (longitudinal and 
transverse) was obtained at 1.5 times threshold current or around 5 mW 
optical output power. 

A major problem with the InGaAsP/InP system is its high temperature 
dependence on threshold current in comparison with the GaAs/AlGaAs 
shorter wavelength system (see Section 6.9.1). This temperature sensitivity 
dictates the use of proper heat sinking so that the device temperature does not 
rise much above room temperature. It is often necessary to use thermoelectric 
cooling in order to maintain a specified working point. However, as demand 
for longer wavelength injection lasers rises due to the tremendous interest in 
long-haul, high-bandwidth systems, it is likely that device performance will 
improve. A reduction in temperature dependence may be brought about 
through improved electrical contacts and device mounting techniques. Also 
lower threshold currents, enhanced modal stability and improved dynamic 
response are to be expected as the technology for the fabrication of these 
devices matures. Hence the requirements of the external techniques for 
temperature stabilization may be reduced in the future. 

6.9 INJECTION LASER CHARACTERISTICS 

When considering the use of the injection laser for optical fiber communica¬ 
tions it is necessary to be aware of certain of its characteristics which may 
affect its efTicient operation. The following sections outline the major operating 
characteristics of the device (the ones which have not been dealt with in detail 
previously) which apply to all the various materials and structures previously 
discussed although there is substantial variation in behavior between them. 

6.9.1 Threshold Current Tempereture Dependence 

Figure 6.35 shows the typical variation in threshold current with temperature 
for an injection laser. The threshold current tends to increase with temperature, 
the temperature dependence of the threshold current density being 
approximately exponential [Ref. 4] for most common structures. It is given by: 

7^,00 exp(6.33) 
'0 

where T is the device absolute ten^ierature and To is the threshold temperature 
ooeffldent which is a characteristic temperature describing the quality of the 
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Fig. 6.3B A typical Wghx output against current characteristic for an injection laser 
showing the variation in threshold current with temperature. 

material, but which is also affected by the structure of the device. For AlGaAs 
devices, Tq is usually in the range 120-190 K, whereas for InGaAsP devices it 
is between 40 and 75 K (Ref. 421. This emphasizes the stronger temperature 
dependence of InGaAsP structures which is illustrated in example 6.6. The 
increase in threshold current with temperature for AlGsAs devices can be 
accounted for with reasonable accuracy by consideration of the increasing 
energy spread of electrons and hoks injected into the conduction and valence 
bands. For InGaAsP lasers it appears that the high temperature sensitivity 
results from an additional large and rapidly rising nonradiative component of 
the recombination current in the active layer I Ref. 4]. 


Exampla 6.6 

Compare the ratio of the threshold current densities at 20 and dO^C for a 
AIGaAs Injaetlon laser with Tq »160 K and the similar ratio for an InGaAsP device 
with Tq 56 K. 

Solui/on: From Eg. (6.33) the threshold current density: 

T 

^0 


For the AIGaAs device: 


293 

Jtt, (20 ®C) oc exp-= 8.24 

160 

353 

Jth (SO ®C) QC exp-- 9.08 

160 

Hence the ratio of the current densities: 

<80 «C) 9.08 

-*-=1.46 

(20 •C) 6.24 
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For the InGaAsP device: 

293 

i20 oc exp-= 206.88 

55 

353 

(80®C)<xexp-=612.89 

55 

Hence the ratio of the current der^sities: 

Jyf, (80 «C) 612.89 

---* 2.98 

(20 ^C) 205.88 


Thus in example 6.6 the threshold current density for the AlGaAs device 
increases by a factor of 1.5 over the temperature range, whereas the threshold 
current density for the InGaAsP device increases by a factor of 3. Hence the 
stronger dependence of threshold current on temperature for InGaAsP 
structures is shown in this comparison of two average devices. It may also be 
noted that it is important to obtain high values of for the devices in order to 
minimize temperature dependence. 

However, carrier leakage due to low potential barriers within the laser 
structure causes Tq to be reduced. Hence To fo’’ tiest AlGaAs TJS devices 
is only 93 K, and for LOC structures it is around 100 K rather than the higher 
values quoted for the standard DH structures. Conversely the threshold 
current variation for AlGaAs CDH structures appears much less than the 
standard DH devices with To of around 250 K reported [Ref. 18]. In all cases 
adequate heat sinking along with consideration of the working environment are 
essential in order that the devices operate reliably over the anticipated current 
range. 

6.9.2 Dynamic Responae 

The dynamic behavior of the injection laser is critical especially when it is used 
in high'bit rate (wideband) optical fiber communication systems, The applica¬ 
tion of a current step to the device results in a switch on delay often followed 
by high frequency (of the order of 10 GHz) damped oscillations known as 
relaxation oscillations (RO). These transient phenomena occur whilst the 
electron and photon populations within the structure come into equilibrium 
and are illustrated in Fig. 6.36. The switch-on delay may last for 0.5 ns and 
the RO for perhaps twice that period. At data rates above 100 Mbits s"' this 
behavior can produce a serious deterioration in the pulse shape. Thus reducing 

and damping the relaxation osetDations is highly desirable. 

The iwitch-on delay is caused by the initial build-up of photon density 
resulting ftom stimulated emission. It is related to the minority carrier lifetime 
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Fig. 6.36 The possible dynamic behavior of an injection laser showing the switch-on 
delay and relaxation oscillations. 

and the current through Ihc device* [Ref. 7]. The current term, and hence the 
switch'On delay, may be reduced by biassing the laser near threshold (prebias¬ 
sing), However, damping of the ROs is less str^ghtforward. They are a basic 
laser phenomenon which vary with device structure and operating conditions; 
however, RO damping has b^n observed, and is believed to be due to several 
mechanisms including lateral carrier diffusion I Refs. 43 and 44], feeding of the 
spontaneous emission into the lasing mode (Ref. 45] and gain nonlinearities 
[Ref. 46]. Narrow stripe geometry DH lasers and aU the mode stabilized 
devices (i.e. BH, TJS, CSP, CDH and LOC lasers) give RO damping, but it 
tends to coincide with a relatively slow increase in output power. This is 
thought to be (he result of lateral carrier din^usion due to lack of lateral carrier 
confinement. However, it appears that RO damping and fast response may be 
obtained in BH structures with stripe widths less than the carrier diffusion 
length (Le. less than 3 (Ref. 47]. 

6.9.3 Self Pulsetione 

Injection lasers also exhibit another type of output fluctuation (apart from 
ROs) when operating in the CW mode. These self pulsations which are 
observed in aged and poor-quality devices are a major problem as they can 
occur after several hundred hours operation. Both transient as well as con¬ 
tinuous self-sustained pulsations occur in the frequency range 0.2-4 GHz. The 
pulsation frequency is related to both the spontaneous recombination lifetime 
of the carriers (approximately 2 ns) and the photon lifetime in the cavity 
(approximately 10 ps). 

Mechanisms within the device structure believed to cause these self pulsa¬ 
tions include quantum noise effects (see Section 9.2.3), defects and filament 
formation and temperature-induced changes. More recent work [Refs. 48 and 
49] traces the pulsations to the absorbing dark line defects (see Section 6.9.6), 
and to regions of carrier depletion. Also there appears to be correlation 
between the occurrence of self pulsations and deep level traps [Ref. 51] as well 
as the presence of visible defects [Rrf. 32]. It is likely that the presence of 
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absorbing regions within the active layer of the device will be affected by any 
slight increase in photon density which will tend to reduce their absorption 
capability (i.e. excess electron-hole pairs created in the absorption region 
bringing it near to transparency). The subsequent decrease in loss in the optical 
cavity will enhance the net gain of the device and increase the photon density 
giving a peak in the output. However, stimulated emission from the device will 
reduce the amount of population inversion in the amplifying material and allow 
the laser to fall below threshold, thus switching the device off. The absorption 
of the absorbing regions will therefore again be enhanced, and the amount of 
population inversion will be increased by the continued injection current. 
Hence the threshold will be reached again and the whole cycle repeated. 

External means may be adopted to suppress these self-sustained pulsations 
in the laser response. These include optical injection (Ref. 53J, feedback by an 
external mirror (Ref. 54] and changes in drive circuit reactance [Ref, 55]. 
However, it is likely that these pulsations will cause difilculties until a better 
understanding of the nonlinear absorption and nonlinear gain mechanisms 
within injection lasers is obtained. 

6.9.4 Noise 

Another important characteristic of injection laser operation involves the noise 
behavior of the device. This is especially the case when considering analog 
transmission. 

The sources of noise are: 

(a) quantum noise (see Section 9.2.3); 

(b) instabilities in operation such as kinks in the light output against current 
characteristic and self pulsation; 

(c) reflection of light back into the device; 

(d) partition noise in multimode devices. 

It is possible to reduce, if not remove, (b), (c) and (d) by using mode stabilized 
devices and optical isolators. Quantum noise, however, is an intrinsic property 
of all laser types. It results from the discrete and random spontaneous or 
stimulated transitions which cause intensity fluctuations in the optical emis¬ 
sion. For injection lasers operating at frequencies less than 100 MHz quantum 
noise levels are usually low (signal to noise ratios less than —80 dB) unless the 
device is biassed within 10% of threshold. Over this region the noise spectrum 
is flat. However, for wideband systems when the laser is operating above 
threshold quantum noise becomes more pronounced. This is especially the 
case with multimode devices (signal to noise ratios of around -60 dB). The 
higher noise level results from a peak in the noise spectrum due to a relaxation 
resonance which typically occurs between 200 MHz and 1 GHz [Ref. 7]. 
Single mode lasers have shown [Ref. 55] greater noise immunity by as much 
M 30 dB when the current is rais^ above threshold. This is a further 
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Pig. 6.37 The effect of partition noise in a multimode injection laser. It Is displayed as a 
variation in the distribution of the various longitudinai modes emitted from the 
device. 


advantage of the use of single mode lasers as sources for high data rate 
systems. 

Partition noise is a phenomenon which occurs in multimode lasers when the 
modes are not well stabilized. Temperature changes can cause a variation in 
the distribution of the various longitudinal modes as illustrated in Fig. 6.37, 
This leads to increased dispersion on the link and hence, if not allowed for, 
may cause errors on a digital channel. 


6.9.9 Mode Hopping 

The single longitudinal mode output spectrum of a single mode laser is 
illustrated in Fig. 6,3 8(a). Mode hopping to a longer wavelength as the current 
is increased above threshold is demonstrated by comparison with the output 
spectrum shown in Fig. 6.38(b). This behavior occurs in all single mode injec¬ 
tion lasers and is a consequence of increases in temperature of the device junc¬ 
tion, The transition (hopping) from one mode to another is not a continuous 
function of the drive current but occurs suddenly over only 2-2 mA. Mode 
hopping alters the light output against current characteristics of the laser, and 
is responsible for the kinks observed in the characteristics of many single mode 
devices. 


KeljTjvo 
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Mode hopplrtg in a single moOe injection laser: {a) single longitudinal mode 
optical output; (b) mode hop to a longer peak emission wavelength at an 
Increased optical output power. 
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Between hops the mode tends to shift slightly with temperature in the range 
0,05-0.08 nm . Stabilization gainst mode hopping and mode shift may be 
obtained with adequate heat sinking or thermoelectric cooling. However, at 
constant heat sink temperature, shifts due to thermal increases can only be 
fully controlled by the use of feedback from external or internal grating 
structures (see Section 10.2.3X 

6.9.6 Reliability 

Device reliability has been a major problem with injection lasers and although 
it has been extensively studied, not all aspects of the failure mechanisms are 
fully understood. Nevertheless, much progress has been made since the early 
days when device lifetimes were very short (a few hours). 

The degradation behavior may be separated into two major processes 
known as ^catastrophic’ and ^gradual’ degradation. Catastrophic degradation 
is the result of mechanical damage of the mirror facets and leads to the partial 
or complete laser failure. It is caused by the average optical flux density within 
the structure at the facet and therefore may be limited by using the device in a 
pulsed mode. However, its occurrence may severely restrict the operation (to 
low optical power levels) and lifetime of CW devices. 

Gradual degradation results from internal damage caused by the energy 
released by nonradiatlve carrier recombination. It is generally accepted [Refs. 
4 and 57] that this energy enhances point defect (e.g. vacancies and 
interstitials) displacement leading to the accumulation of defects in the active 
region. Hence if nonradiatlve electron-hole recombination occurs, for instance 
at the damaged surface of a laser where it has been roughened, this accelerates 
the diffusion of the point defect into the active region of the device. The emis¬ 
sion characteristics of the active region therefore gradually deteriorate through 
the accumulation of point defects until the device k no longer useful. Mobile 
impurities formed by the precipitation process such as oxygen, copper or 
interstitial beryllium or zinc atoms may also be displaced into the active 
region. These atoms tend to cluster around existing dislocations encouraging 
high local absorption of phoUms. This causes ‘dark lines’ in the output 
spectrum which are a major problem with gradual degradation. 

Over recent years techniques have evolved to reduce, if not eliminate, the 
introduction of defects into the injection laser active region. These include the 
use of substrates with low di^ocation densities (i.e. less than 10^ cm"^), 
passivating the mirror facets to avoid surface-related effects and mounting 
with soft solders to avoid external strain. Together with improvements in 
crystal growth, device fabrication and materi^ selection this has led to CW 
injection lasers with reported mean lifetimes in excess of 10^ hours, or more 
than 100 years. These projections have been reported [Ref. 581 for a variety of 
OaAi/AlOaAs laser structures. In the longer wavelength region where tech- 
niouei are not as wall advanced reported [Refs. 41 and 59] extrapolated 
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lifetimes for CW InGaAsP/InP structures are around 1 hours. These predic¬ 
tions bode well for the future where it is clear that injection lasers will no 
longer be restricted in their appKcation on the grounds of reliability. 


6.10 INJECTION LASER COUPLING AND PACKAGING 

Although injection lasers are relatively directional the divergence of the beam 
must be considered when coupling the device to an optical fiber. A lens 
assembly is therefore required to direct the beam within the numerical aperture 
of the fiber if reasonable coupling efficiencies are to be obtained. A method of 
achieving this is by use of a fiber lens as illustrated in Fig. 6.39 [Refs. 57 and 
59]. The fiber lens is mounted in a V-groove direcUy in front of the laser chip 
and at right angles to the fiber pigtail and gives a coupling efficiency of about 
30%. 

The whole assembly is incorporated in a hermetically sealed composite 
package (for increased reliability) with a monitor detector for feedback control 
(see Section 10.2.3) along with possibly some of the control and drive circuits. 
Optical power is taken out of the package by means of the optical fiber pigtail 
which itself passes through the hermetic s^. 

The monitor detector is mounted behind the laser chip and monitors the 
optical power emerging from the rear face of the device. Alternatively a 
specially fabricated beam splitter may be used in order to obtain optical power 
from the mean output to the monitor detector. The whole assembly has the 
dimensions of a large scale integrated circuit and can therefore be placed on a 


Detector 



Fig. 6.39 


Schematic diagram of a composite package for an injection laser with a fibar 
lens giving increased coupling efficiency [Ref. 57]. 
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Fig. 6.40 Coupling the light output from an injection laser to the optical fiber using a 
cylindrical microlens |Ref. 61]. 

printed circuit board along with other components. This type of packaging 
also uses low inductance drive leads and the compact nature of the drive 
circuit reduces stray capacitance which eases the problems of driving the laser 
with large current pulses at high bit rates. 

More recently similar composite packages have been utilized with 
cylindrical microlenses for coupling the laser emission to the optical fiber [Ref. 
61]. This coupling is illustrated in Fig. 6.40, and experimental versions of this 
configuration have already succeeded in launching more than 1 mW of optical 
power at 1.3 \im wavelength into single mode fiber using an 8 diameter 
microlens. Also hemispherical lenses grown on the fiber end may be utilized to 
direct the laser emission into the fiber (Ref. 421, and the resulting action gives a 
coupling eiTiciency of around 20%. These various techniques are still under 
investigation and as yet no standard method has emerged. 

6.11 NONSEMICONDUCTOR LASERS 

Although at present injection lasers are the major lasing source for optical 
fiber communications it is possible that in the future certain nonsemiconductor 
sources will find application in high‘bandwidth, long-haul systems. Solid state 
lasers doped with neodymium which emit in the 1.05—1.3 pm range appear to 
be attractive sources even though their application to optical fiber communica- 
tions is at an early stage. The most advanced of these promising solid state 
sources is the neodymium-doped yttrium-aluminum-garnet (Nd :YAG) laser. 
This structure has several important properties which may enhance its use as 
an optical fiber communication source: 

(a) Single mode operation near 1.064 and 1.32 pm, making it a suitable source 
for single mode systems. 

(b) A narrow linewidth «0.01 nm) which is useful for reducing dispersion on 
optical links. 

(c) A potentially long lifetime, although comparatively little data are available. 

(d) The possibility that the dimensions of the laser may be reduced to match 
those of the single mode step index fiber. 
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Fig. 6.41 Schematic diagram of an end pumped Nd:YAG laser 


However, the Nd:YAG laser also has several drawbacks which are 
common to all neodymium doped solid state devices: 

(a) The device must be optically pumped. However, long lifetime AlGaAs 
LEDs may be utilized which improve the overall lifetime of the laser. 

(b) A long fluorescence lifetime of the order of 10^ seconds which only allows 
direct modulation (see Section 7.5) of the device at very low bandwidths. 
Thus an external optical modulator is necessary if the laser is to be usefully 
utilized in optical fiber communications. 

(c) The device cannot take advantage of the well-developed technology 
associated with semiconductors and integrated circuits. 

(d) The above requirements (i.e. pumping and modulation) tend to give a cost 
disadvantage in comparison with semiconductor lasers. 

An illustration of a typical end pumped Nd:YAG laser is shown in Fig. 
6.41. The Nd:YAG laser is a four level system (see Section 6.2.3) with a 
number of pumping bands and fluorescent transitions. The strongest pumping 
bands are at wavelengths of 0.75 and 0.81 pm giving major useful lasing 
transitions at 1.064 and 1.32 pm. 

More complex neodymium-based compounds (rather than doped) are 
also under investigation for solid state optical sources. These include neo¬ 
dymium pentaphosphate (Ndp 4 0 , 4 ) and lithium neodymium tetraphosphate 
(LiNdp4 0 i 2 ) which may give high power single mode emission with less 
optical pumping. Other types rflaser system (e.g. gas) do not appear useful for 
optical fiber communication systems owing to problems of size, fragility and 
high operating voltages. However, these devices are often used for laboratory 
evaluations of optical fibers and components where their high optical output 
power is an asset. 

PROBLEMS 

6.1 Briefly outline the general requirements for a source in optical fiber com¬ 
munications. 

Discuss the areas in which the injection laser fulfils these requirements, and 
comment on any drawbacks of using this device as an optical fiber com¬ 
munication source. 
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6.2 Briefly describe the two processes by whidi light can be emitted from an atom. 
Discuss the requirement for population inversion in order that stimulated emis¬ 
sion may dominate over qwittaneous onission. Illustrate your answer with an 
energy level diagram of a comnxm nonsemiconductor laser. 

6.3 Discuss the mechanism of optical feedback to iM'Ovide oscillation and hence 
amplification within the laser. Indicate how this provides a distinctive spectral 
output from the device. 

The longitudinal modes of a gaUium arsenide injection laser emitting at a 
wavelength of 0.87 pm are separated in frequency by 278 GHz. Determine the 
length of the optical cavity and the number of longitudinal modes emitted. The 
refractive index of gallium arsenide is 3.6. 

6.4 When GaSb is used in the fabrication of an electroluminescent source, 
estimate the necessary hole concentration in the p type region in order that the 
radiative minority carrier lif^me i$ I ns. 

6.5 The energy bandgap for lightly doped gallium arsenide at room temperature is 
1.43 eV, When the material is heavily doped (degenerative) it is found that the 
Using transitions Involve 'bandtail* states which effectively reduce the bandgap 
transition by 8%. Determine the difference in the emission wavelength of the 
light between the lightly doped and this heavily doped case. 

6.6 With the aid of suitable diagrams, discuss the principles of operation of the 
injection User. 

Outline the semiconductor materials used for emission over the wavelength 
range 0.8-1.7 pm and give reasons for their choice. 

6.7 Describe the techniques used to give both electrical and optical confinement in 
multimode injection lasers. 

6.8 A DH injection laser has an optical cavity of length SO pm and width IS pm. 
At normal operating temperature the loss coefficient is 10 cm“ and the 
current threshold is 50 mA. When the mirror reflectivity at each end of the 
optical cavity is 0.3, estimate the gain factor $ for the device. It may be 
assumed that the current is confined to the optical cavity. 

6.S The coated mirror reflectivity at eilher end of the 350 pm long optical cavity of 
an injection laser is 0.5 and 0.65. At normal operating temperature the 
threshold current density for the device is 2 X 10^ A cm‘^ and the gain factor 
P is 22 X 10’^ cm A"*. Estimate the loss coefficient in the optical cavity. 

6.10 A gaUium arsenide injection laser with a cavity of length 500 pm has a loss 
coefficient of 20 cm"*. The measured differential external quantum efficiency 
of the device is 45%. Calculate the internal quantum efficiency of the laser, 
The refractive index of gaUium arsenide is 3.6. 

6.11 Describe, with the aid of suitable diagrams, the major structures utilized in the 
fkbrleation of single mode injection Users. Give reasons for the current interest 
ifl these devlcei. 
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6.12 Compare the ideal light output against current characteristics for the injection 
laser with one from a more typkai device. Discuss the major points on the 
characteristics and indicate the two di^er. 

6.13 The threshold current density for a stripe geometry AlGaAs laser is 
3000 A cm"* at a temperature of 15 «C. Estimate the required threshold 
current at a temperature of 60 when the threshold temperature coefficient 
Tq for the device is 180 K, and the contact stripe is 20 x 100 \im. 

6.14 Briefly describe what is meant by the following terms when they are used in 
relation to injection lasers; 

(a) relaxation oscillations; 

(b) self pulsations; 

(c) mode hopping; 

(d) partition noise. 

6.16 Discuss degradation mechanisms in iitjection lasers. Comment on these with 
regard to the CW lifetime of the devices. 


Angwera to Numerical Probloma 


6.3 

150 Jim, 1241 

6.9 

2S cm"’ 

6.4 

4.2 X 10'® cm-^ 

6.10 

84.5% 

6.5 

0.07 Jim 

6.13 

77,0 mA 

6.8 

3.76 X 10-^ cm A'' 
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optical Sources 2: The Light Emitting 
Diode 


7.1 INTRODUCTION 

Spontaneous emission of radiation in the visible and infrared regions of the 
spectrum from a forward biassed p-n junction was discussed in Section 6.3.2. 
The normally empty conduction band of the semiconductor is populated by 
electrons injected into it by the forward current through the junction, and light 
i$ generated when these electrons recombine with holes in the valence band to 
emit a photon. This is the mechanism by which light is emitted from an LED, 
but stimulated emission is not encouraged as U is in the injection laser by the 
addition of an optical cavity and mirror facets to provide feedback of photons. 

The LED can therefore operate at lower current densities than the injection 
laser, but the emitted photons have random phases and the device is an 
incoherent optical source. Also the energy of the emitted photons is only 
roughly equal to the bandgap energy of the semiconductor material, which 
gives a much wider spectral Unewidth (possibly by a factor of 100) than the 
injection laser. The linewidth for an LED is Q^pically \^2KT, where K is 
Boltzmann’s constant and T is the absolute temperature. This gives linewidths 
of 30-40 nm at room temperature. Thus the LED supports many optical 
modes within its structure and is generally a multimode source which may only 
be usefully utilized with multimode step index or graded index fiber. 

At present LEDs have several further drawbacks in comparison with injec¬ 
tion lasers. These include: 

(a) generally lower optical power coupled into a fiber (microwatts); 

(b) relatively small modulation bandwidth (often less than 50 MHz); 

(c) harmonic distortion. 

However, although these problems may initially appear to make the LED a far 
less attractive optical source than the injection laser, the device has a number 
of distinct advantages which have given it a prominent place in optical fiber 
communications: 

(a) Simpler fabrication. There are no mirror facets and in some structures no 
striped geometry. 
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(b) Cost. The simpler construcliai of the LED leads to much reduced cost 
which is always likely to be maintained. 

(c) Reliability. The LED docs not exhibit catastrophic degradation and has 
proved far less sensitive to gradual degradation than the injection laser. It 
is also immune to self pulsation and modal noise problems. 

(d) Less temperature dependence. The light output against current character¬ 
istic is less affected by temperature than the corresponding characteristic 
for the injection laser. Furthermore the LED is not a threshold device and 
therefore raising the temperature cannot increase the threshold current 
above the operating point and hence halt operation. 

(e) Simpler drive circuitry. This is due to the generally lower drive currents 
and reduced temperature dependance which makes temperature com¬ 
pensation circuits unnecessary. 

(f) Linearity. Ideally the LED has a linear light output against current 
characteristic (see Section 7.4.1) unlike the injection laser. This can prove 
advantageous where analog modulation is concerned. 

These advantages coupled with the development of high radiance medium 
bandwidth devices have made the LED a widely used optical source for com¬ 
munications applications. 

Structures fabricated using the GaAs/AIGaAs materia] system are well 
advanced for the shorter wavelength region. There is also much interest in 
LEDs for the longer wavelength region especially around 1.3 where 
material dispersion in silica-based fibers goes through zero and where the wide 
linewidth of the LED imposes tar less limitation on link length than intermodal 
dispersion within the fiber. Furthermore the reduced attenuation allows longer- 
haul LED systems. As with injection lasers InGaAsP/InP is the material 
structure currently favored in this region for the high radiance devices. These 
longer wavelength systems utilizing graded index fibers are likely to lead to the 
development of wider bandwidth devices as data raUs of hundreds of Mbit s‘^ 
are already feasible. It is therefore likely that in the near future injection lasers 
will only find major use as single mode devices within single mode fiber 
systems for the very long-hauL ultra-wide band applications whilst LEDs will 
become the primary source for all other system applications. 

Having dealt with the basic operatii^ principles for the LED in Section 
6.3.2, we continue in Section 7.2 with a discussion of LED efficiency in rela¬ 
tion to the launching of light into optical fibers. Moreover, at the end of this 
section we include a brief account of the operation of an efficient LED which 
employs a double heterostructure. This leads into a discussion in Section 7.3 of 
the major practical LED structures where again we have regard of their light 
coupling efficiency. The various operating characteristics and limitations on 
LED performance are described in Section 7.4. Finally, in Section 7.5 we 
include a brief diicuillon on the possible modulation techniqiiea.for semicon¬ 
ductor MtlCAl sources. 
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7.2 LED EFFICIENCY 

The absence of optical ampliiicatioii through stimulated emission in the I FT ) 
tends to limit the internal quantum efficiency (ratio of photons generated to 
injected electrons) of the device. Reliance on spontaneous emission allows non- 
radiative recombination to take place within the structure due to crystalline 
imperfections and impurities giving at best an internal quantum efficiency of 
50% for simple homojunction devices. However, as with injection lasers 
double heterojunction (DH) structures have been implemented which recom¬ 
bination lifetime measurements suggest (Ref. I] give internal quantum 
efficiencies of 60-80%. 

Although the possible internal quantum efficiency can be relatively high the 
radiation geometry for an LED which emits through a planar surface is 
essentially Lambertian in that the surface radiance (the power radiated from a 
unit area into a unit solid angle; given in W sr”' m*^) is constant in all direc¬ 
tions. The Lambertian intensity distribution is illustrated in Fig. 7.1 where the 
maximum intensity /q is perpendicular to the planar surface but is reduced on 
the sides in proportion to the cosine of the viewing angle 6 as the apparent area 
varies with this angle. This reduces the external power efficiency to a few per 
cent as most of the light generated within the device is trapped by total internal 
reflection (see Section 2.2.1) when it is radiated at greater than the critical 
angle for the crystal-air interface. As with the injection laser (see Section 
6.4.1) the external power efficiency r^, is defined as the ratio of the optical 
power emitted externally P, to the electrical power provided to the device P or: 


Hep is— X 100% 


(7.1) 


Also the optical power emitted P, into a medium of low refractive index n from 
the face of a planar LED fabricated from a material of refractive index is 
given approximately by [Ref. 2]: 


P. = 


4nl 


(7.2) 



/. 




Fig. 7.1 The Lambertisn fntensity distribution typical of a planar LED. 
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where is the power generated intonally and F is the transmission factor of 
the semiconductor-external interface. Hence it is possible to estimate the 
percentage of optical power emitted. 


Example 7.1 

A planar LED is fabricated from gallium arsenide which has a refractive index of 3.6. 

(a) Calculate the optical power emitted into air a$ a percentage of the internal 
optical power for the device when the transmissk)n factor at the crvstal-air 
interface is 0.68. 

(b) When the optical power generated internally is 50% of the electrical power 
supplied, determine the external power efBciency. 

So/ut/on‘. (a) The optical power emitted is given by Eq. {7.2), in which the refrac¬ 
tive index n for air Is 1. 


^9^ 


Pi^,0.68x 1 


ini 


4n: 


4 ( 3 - 6 ) 


* 0.013 P 


IM 


Hence the power emitted is only 1.3% of the optical power generated internally. 
{bl The external power efficiency is given by Eq. (7.1). where 

P P 

n,a=—X 100 = 0-013 —X 100 


Also the optical power generated internally =0-5P. 
Hence 

0.013^int 

r^p --X 100 = 0.65% 


2P. 


int 


A further loss is encountered when coupling the light output into a fiber. 
Considerations of this coupling elUciency are very complex; however, it is 
possible to use an approximate simplified approach (Ref. 31. If it is assumed 
for step index fibers that all the light incident on the exposed end of the core 
within the acceptance angle 6^ is coupled, then For a fiber in air using Eq. (2.8), 


0. = HNA) 


(7.3) 


Also incident light at angles greater than 6, will not be coupled. For a Lam¬ 
bertian source, the radiant imenwty at an angle 8, /(8) is given by (see Fig. 7.1): 


/(6) = cos 8 


(7.4) 


where /q is the radiant intensity along the line 8 = 0. Considering a source 
which li smaller than, and in close proximity to, the fiber core^nd assuming 
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cylindrical symmetry, the coupling efTiciency is given by: 


J m)si 


sin 6d6 


nc = 


( ‘^/(e)smed0 

•'9 


(7.5) 


Hence substituting from Eq. (7,4) 




1 

I /q cos 0 sin 0 d6 

J * n/2 

/o COS 6 sin 6 d6 

A 




I /oSin26de 
_ _ 

I Iq sin 26 dO 
•'e 


tv = 


1-/0 cos 26/2)^ 


(-/(, cos 2e/2)S« 

= sin^ 6. (7,6) 

Furthermore from Eq. (7.3), 

Tic * sin^ 0. ® (NA)^ (7.7) 

Equation (7.7) for the coupling efficiency allows estimates for the percentage 
of optical power coupled into the step index fiber relative to the amount of 
optical power emitted from the LED. 


Example 7.2 

The light output from the GaAs LED of example 7,t is coupled into a step index fiber 

with a numerical aperture of 0.2. a core refractive Index of 1.4 and a diameter larger 

than the diameter of the device. Estimate: 

(a) The coupling efficiency into Ihe fiber when the LED is in close proximity to the 
fiber core. 

(b) The optical loss in decibels, relative to the power emitted from the LED, when 
coupling the light output into the fiber. 

(c) The loss relative to the internally generated optical power in the device when 
coupling the light output Into the fiber when there is a small air gap between the 
LED and the fiber core. 

Sofut/on: (a) From Eq. (7.7). the couf^ling efficiency (s given byi 

Tfc, .. {NA)2 « (02)* - 0,04) 
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Thus about 4% of the extemally emitted optical power is coupled into the fiber, 
{b) Let the optical power coupled into the fiber be Pf.. Then the optical loss in 
decibels relative to P^ when coupling the light output into the fiber is: 


Loss = -10 Io 9 io 


Hence, 


= -10 logion< 


Loss = -10 Iogio0.04 
s 14.0 dB 


(c) When the LED is emittir>g into air, from example 7.1, 

P, * 0 . 01 3Pjm 

Assuming a very small air gap (i.e. cylindrical symmetry unaRected); then from (a) 
the power coupled m\o the fiber is: 

Pp a 0.04P^ « 0.04 X 0.013Pj„, 

» 5.2 X 10-* Pim 

Hence in this case only about 0.05% of the internal optical power j$ coupled Into the 
fiber, 

The loss In decibels relative to ^in, is; 

Loss = -10 logic-*- 10 l 09 io 5.2 x 10 “* =32.SdB 

Therefore, bearing In mind ihe assumptions made, there Is a 3.7 dB advantage In 
this example in ensuring the fiber is in direct contact with the LEO source. 


If significant optical power is lo be coupled from an incoherent LED into a 
low NA fiber the device must exhibit very high radiance. This is especially the 
case when considering graded index fibers where the Lambertian coupling 
efficiency with the same NA (same refractive index diflerence) and a s 2 (see 
Section 2.5) is about half that into step index fibers IRef. 41. To obtain the 
necessary high radiance, direct bandgap semiconductors (see Section 6.3.3.1) 
must be used fabricated whh DH structures which may be driven at high 
current densities. The principle of operation of such a device will now be con¬ 
sidered prior to discussion of various LED structures. 


7.2.1 Th« Double Heterojunctlon LED 

The principle of operation of the DH LED is illustrated in Fig. 7.2. The device 
shown consists of a p type GaAs layer sandwiched between a p type AlGaAs 
and an n type AlOaAs layer. When a forward bias is applied (as indicated in 
Fig. 7.2(a)) electrons from the n type laya are injected througli^he p~n June- 
tlon Into the p type OaAi layer where they become minority carriers. These 
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minority carriers diffuse away from the junction I Ref. 5] recombining with 
majority carriers (holes) as they do so. Photons are therefore produced with 
energy corresponding to the bandgap energy of the p type GaAs layer. The 
injected electrons are inhibited from diffusing into the p type AlGaAs layer 
because of the potential barrier presented by the p-p heterojunction (see 
Fig. 7.2(b)). Hence electroluminescence only occurs in the GaAs junction 
layer, providing both good internal quantum efficiency and high radiance emis¬ 
sion. Furthermore light is emitted from the device without reabsorption 
because the bandgap energy in the AlGaAs layer is large in comparison with 
that in GaAs. The DH structure is therefore used to provide the most efficient 


Al|Ca) ,As OaAs AIv<^i..a^ 



Rg. 7.2 The double heterojunction LED: (a) the layer structure, shown with an applied 
forward bias; ib) the corresponding energy band diagram. 
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incoherent sources for application within optics fiber communications. 
Nevertheless these devices generally exhibit the previously discussed con¬ 
straints in relation to coupling elTiciency to optical fibers. This and other LED 
structures are considered in greater detail in the following section. 


7.3 LED STRUCTURES 

There are four major types of LED structure although only two have found 
extensive use in optical fiber communications. These are the etched well 
surface emitter, often simply called the surface emitter, or Burrus (after the 
originator) LED, and the edge emitter. The other two structures, the planar 
and dome LEDs, find more application as cheap plastic encapsulated visible 
devices for use in such areas as intruder alarms, TV channel changes and 
industrial counting. However, infrared versions of these devices have been used 
in optical commurucations mainly with fiber bundles and it is therefore useful 
to consider them briefly before progressing on to the high radiance LED 
structures. 

7.3.1 Planar LED 

The planar LED is the simplest of the structures that are available and is 
fabricated by either liquid or vapor phase epitaxial processes over the whole 
surface of a GaAs substrate. This involves a p type diffusion into the n type 
substrate in order to create the junction illustrated in Fig. 7.3. Forward current 
flow through the junction gives Lambertian spontaneous emission and the 
device emits light from all surfaces. However, only a limited amount of light 
escapes the structure due to total internal reflection as discussed in Section 7.2, 
and therefore the radiance is low. 


ligllt OUtpLC 



^ ngi III The etructure of • ptinar LED showing the emission of light ffom“an-eurtsosi. 
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7.3.2 Dome LED 

The structure of a typical dome LED is shown in Fig. 7.4. A hemisphere of n 
type GaAs is formed around a diffused p type region. The diameter of the 
dome is chosen to maximize the amount of internal emission reaching the 
surface within the critical angle of the GaAs—air interface. Hence this device 
has a higher external power efficiency than the planar LED. However, the 
geometry of the structure is such that the dome must be far larger than the 
active recombination area, which gives a greater effective emission area and 
thus reduces the radiance. 


U^t output 



Fig. 7.4 The structure of d dome LED. 


7.3.3 Surface Emitter (Burrue Type) LED 

A method for obtaining high radiance is to restrict the emission to a small 
active region within the device. The technique pioneered by Burrus and 
Dawson [Ref. 6] with homostructure devices was to use an etched well in a 
GaAs substrate in order to prevent heavy ^sorption of the emitted radiation, 
and physically to accommodate the fiber. These structures have a low thermal 
impedance in the active region allowing high current densities and giving high 
radiance emission into the optical fiber. Furthermore considerable advantage 
may be obtained by employing DH structures giving increased efficiency from 
electrical and optical confinement as well as less absorption of the emitted 
radiation. 

The structure of a high radiance DH surface emitter for the 0,8-0.9 pm 
wavelength band is shown in F^. 7.5 [Ref. 7]. The internal absorption in this 
device is very low due to the largCT bandgap confining layers, and the reflection 
coefficient at the back crystal face is high giving good forward radiance. The 
emission from the active layer is essentially isotropic although the external 
emission distribution may be considered Lambertian with a beam width of 
120® due to refraction from a high to a low refractive index at the OaAs-fiber 
interface. The power coupled into a step index fiber may be estimated fi'om 









OPTICAL SOURCES 2: THE LIGHT EMITTING DIODE 


305 


Ueht output 



Fig. 7.5 The structure of an AlGaAs OH surface-emitting LED (Burrus tyoe) iRef. 7l. 

the relationship [Ref. 81: 

= n(I - rMRu(NA)» (7.8) 

where r is the Fresnel renection coefficient at the fiber surface. A is the smaller 
of the fiber core cross section or the emission area of the source and is the 
radiance of the source. However, the power coupled into the fiber is also 
dependent on many other factors including the distance and alignment between 
the emission area and the fiber, the LED emission pattern and the medium 
bet>veen the emitting area and the fiber. For instance the addition of epoxy 
resin in the etched well tends to reduce the refractive index mismatch and 
increase the external power efficiency of the device. Hence, DH surface 
emitters often give more coupled optical power than predicted by Eq. (7.8). 
Nevertheless Eq. (7.8) may be used to gain an estimate of the power coupled 
although accurate results may only be obtained through measurement. 


Examolfl 7.3 

A OH surface emitter which has an emission area diameter of 50 ^m is butt jointed 
to an 80 nm core step index fiber with a numerical aperture of 0.15. The device has 
6 radiance of 30 Wsr"^ cm“^ at a constant operating drive current. Estimate the 
Optical power coupled into the fiber if h is assumed that the Fresnel reflection 
coefficient at the Index matched fiber surface is 0.01. 

Solution: Using Eq. {7.8L the optical power coupled into the fiber is given by: 

Pe = iri1 - fiARoiWif 

In thie Oise A repraeente the emlaelon area of the source. 

Henotr 


A-m ft|2B K tcr^)* * 1.96 X 10“® cm^ 
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Thus. 

Pg = n{^ -0.01)1.96 X 10“® X 30 X (0.15)^ 

= 41.1 |iW 

In this example srourKi 41 of optical power is coupled into the step Index fiber. 


However, for graded index fiber optimum direct coupling requires that the 
source diameter be about one half the fiber core diameter. In both cases lens 
coupling may give increased levels of optical power coupled into the fiber but 
at the cost of additional complexity. Another factor which complicates the 
LED fiber coupling are the transmission characteristics of the leaky modes or 
large angle skew rays (see Section 2.3.6). Much of the optical power from an 
incoherent source is initially coupled into these large angle rays, which fall 
within the acceptance angle of Ihe fiber but have much higher energy than 
meridional rays. Energy from these rays goes into the cladding and may be 
lost. Hence much of the light coupled into a multimode fiber from an LED Is 
lost within a few hundred meters. It must therefore be noted that the effective 
optical power coupled into a short length of fiber significantly exceeds that 
coupled into a longer length. 

7.3«4 Lons Coupling 

It is apparent that much of the light emitted from LEDs is not coupled into the 
gener^ly narrow acceptance angle of the fiber. Even with the etched well 
surface emitter where the low NA fiber is butted directly into the emitting 
aperture of the device, coupling ernciencie$ are poor (of the order of 1-2%), 
However, it has been found that greater coupling efficiency may be obtained if 
lenses are used to collimate the emission from the LED. Ibere are several lens 
coupling configurations which include spherically polished structures not 
unlike the dome LED, spherical-ended fiber coupling, truncated spherical 
microlenses and integral lens structures. 

A GaAs/AlGaAs spberical'ended fiber coupled LED is illustrated in 
Fig. 7.6 (Ref. 9l. It consists of a planar surface emitting structure with the 
spherical-ended fiber attached to the cap by epoxy resin. An emitting diameter 
of 35 pm was fabricated into the device and the light was coupled into fibers 
with core diameters of 75 and 110 pm. The geometry of the situation is such 
that it is essential that the active diameter of the device be substantially less 
(factor of 2) than the fiber core diameter if increased coupling efficiency is to 
be obtained. In this case good performance was obtained with coupling 
efficiencies around 6%. This is in agreement with theoretical [Ref. 10] and 
other experimental (Ref. 11] results which suggest an increased coupling 
efficiency of 2-5 times through the spherical fiber lens. 
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} 


Zn diffused p Uyei 


Fig. 7.6 Schematic illustratton of the structure of a sphencal>ended fiber coupled AIGaAs 
LED (Ref. 91, 


Another common lens coupling technique employs a truncated spherical 
microlens. This configuration is shown in Fig. 7.7 for an etched well InGaAsP/ 
InP DH surface emitter [Ref. i 2) operating at a wavelength of 1.3 pm. Again a 
requirement for efficient coupling is that the emission region diameter is much 
smaller than the core diameter of the fiber. In this case the best results were 
obtained with a 14 pm active diameter and an 85 (im core diameter step index 
fiber with a numerical aperture of 0.16. The coupling efliciency was increased 
by a factor of 13, again supported by theory (Ref. 10] which suggests possible 
increases of up to 30 times. 

However, the overall power conversion efficiency which is defined as the 
ratio of the optical power coupled into the fiber to the electrical power 
applied at the terminals of the device P and is therefore given by: 




Pc 


(7.9) 



Fig. 7.7 The UM of a truncated apherteal microlens for coupling the emission from an 
InGaAiP aurface-emitting LEO to the fiber [Ref. 12]. 
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is still quite low. Even with the increased coupling efiiciency was found to 
be around 0.4%. 


Example 7.4 


A lens coupled surface-emitting LEO launches 190 |iW of optical power into a step 
Index fiber when a forward current of 25 mA is flowing through the device. Deter¬ 
mine the overall power conversion efficiency when the corresponding forward 
voltage across the diode is 1.5 V. 

Sofotion: The overall power conversion efficiency maybe obtained from Eq. (7.9) 
where, 


190 X 10' 


— =5.1 X 10"^ 


^ P 25x‘10”®xi;5 
Hence the overall power conversion efficiency is 0.5%. 


The integral lens structure has perhaps the greatest potential for both a low 
current, high power source for small core fibers and an ultra-high power 
source for large core fibers. In this device a low absorption lens is formed 
directly in the semiconductor material as illustrated in Fig. 7.8 (Ref. 11], 
instead of being fabricated in glass and attached to the LED with epoxy. This 
technique eliminates the semiconductor, epoxy, lens interface thus increasing 
the theoretical coupling efficiency into the riber. For optimized devices coupl¬ 
ing efficiencies in excess of 15% are anticipated (Ref. 13]. 



Fig. 7.8 An example of an integrated lens structure with an InGaAsP LED [Ref. 11|. 

7.3.5 Edge Emitter LED 

The other basic high radiance LED structure currently used in optical com¬ 
munications is the stripe geometry DH edge emitter. This device has a similar 
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geometry to a conventional iajection laser as shown in Fig. 7.9. It takes 
advantage of transparent guiding layers with a very thin active layer (50- 
100 urn) in order that the light produced in the active layer spreads into the 
transparent guiding layers, reducing self-absorption in the active layer. The 
consequent waveguiding narrows the beam divergence to a half power width of 
around 30® in the plane perpendicular to the junction. However, the lack of 
waveguiding in the plane of the junction gives a Lambertian output with a half 
power width of around 120® as illustrated in Fig. 7.9. 

Most of the propagating light is emitted at one end face only due to a 
reflector on the other end face and an antireflection coating on the emitting end 
face. The effective radiance at the emitting end face can be very high giving an 
increased coupling efficiency into small NA fiber compared with the surface 
emitter. However, surface emitters generally radiate more power into air 
(2,5-3 times) than edge emitters since the emitted light is less affected by 
reabsorption and interfacial recombination. Comparisons [Refs. 15—17] have 
shown that edge emitters couple more optical power into low NA (less than 
0.3) than surface emitters, whereas the opposite is true for large NA (greater 
than 0.3). 

The enhanced waveguiding of the edge emitter enables it in theory [Ref. 16] 
to couple 7.3 times more power into low N A filler than a comparable surface 
emitter. However, in practice the increased coupling efficiency has been found 
to be slightly less than this (3.5-6 times) (Refs. 16 and 17]. Similar coupling 
efficiencies may be obtained into low N A liber with surface emitters by the use 
of a lens. Furthermore it has been found that lens coupling with edge emitters 
may increase the coupling efficiencies by comparable factors (around 5 times). 



ng. 7.# Schtmitlc HluitfStion of the etructure of a strip© geometry OH AIGaAs edge- 
•mlttlng LED. — 
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Fig. 7.10 


The structure of an InGaAsP edge-emitting LED for operation at a wavelength 
of 1.3 (Ref. 19L 


The stripe geometry of the edge emitter allows very high carrier injection 
densities for given drive currents. Thus it is possible to couple approaching a 
milliwatt of optical power into low NA (0.14) step index fiber with edge- 
emitting LEDs operating at high drive currents (500 mA) [Ref. 18). 

Edge emitters have also been found to have a substantially better modula¬ 
tion bandwidth in the order of hundreds of megahertz than comparable 
surface-emitting structures with the same drive level [Ref. 17). In general it is 
possible to construct edge-emitting LEDs with a narrower linewidth than 
surface emitters, but there are manufacturing problems with the more com¬ 
plicated structure (including difficult heat sinking geometry) which moderate 
the benefits of these devices. However, although surface emitters appear to be 
the favored incoherent sources at present it is likely that the significant 
advantages of edge emitters for medium-haul, medium-bandwidth applications 
will give them an enhanced position in future optical fiber communications. 
This is especially the case in the longer wavelength region at present around 
1.3 pm, where InGaAsP/InP edge emitting structures of the type illustrated in 
Fig. 7.10 show more promise [Ref. 19). 




^ 7.4 LED CHARACTERISTICS 
7.4.1 Optical Output Power 

The ideal light output power against current characteristic for an LED is 
shown in Fig. 7.11. It is linear corresponding to the linear part of the injection 
laser optical power output characteristic before lasing occurs. Intrinsically the 
LED is a very linear device in con^arispn with the majority of injection lasers 
and hence it tends to be more suitable for analog transmission where severe 
constraints are put on the linearity of the optical source. However, in practice 
LEDs do exhibit significant nonlinearities which depend upon the configura¬ 
tion utilized. It is therefore often nec^sary to use some form of linearizing 
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in) 



Fig. 7.12 


Llaht output (powdr) into dir against dx. drive current lor typlcaily 
Ref. 17): la) an AlGaAe surface emitier with a SOjim diameter dot contact; 
b) an AlGaAs edge emiiter with a 65 nm wide stripe ar>d 100*1'^ length. 


circuit technique (e.g. predistortion linearization or negative feedback) in order 
to ensure the linear performance of the device to allow its use in high qu^ty 
analog transmission systems iRef. 2ll. Figures 7,12(a) and (b) show the light 
output against current characteristics for lypicdly good surface and edge 
emitters respectively [Ref. I7J. It may be noted that the surface emitter 
radiates significantly more optical power into air than the edge emitter, and 
that both devices are reasonably linear at moderate drive currents. 


7 A.2 Output S pectrum 

The spectral Unewidth of an LED operating at room temperature in the 
0.8-0.9 nm wavelength band is usually between 25 and 40 nm at the half 
maximum intensity points (full width at half power (FWHP) points). For 
materials with smaller bandgap ener^es operating in the 1.1-1.7 pm wave- 
region the Unewidth tends to increase to around 50-100 nm. Examples 
two output spectra are shown in Fig. 7.13 (Refs. 3 22). Also 

7.i3(b)Are the increases in Unewidth due to increased doping 
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(t> 



Fig. 7.13 LED output spectra: (a) output spectrum for an AIGaAs surface emitter with 
doped active region [Ref. 3l: (b) output spectre for an InGaAsP surface emitter 
showing both the lightly doped and heavily doped cases. Reproduced with per¬ 
mission from A. C. Carter. The Radio and £tectror^. Bng.. 51, p. 341, 1981. 

levels and the formation of bandtail stales (sec Section 6.3.4). This becomes 
apparent in the differences in the output spectra between surface- and edge- 
emitting LEDs where the devices have generally heavily doped and lightly 
doped (or undoped) active layers respectively. It may also be noted that there 
is a shift to lower peak emission wavelength (i.c. higher energy) through reduc¬ 
tion in doping in Fig. 7.13(b), and hence the active layer composition must be 
adjusted if the same center wavelength is to be maintained. 

The output spectra also tend to broaden with increases in temperature due 
to the greater energy spread in carrier distributions at higher temperatures. 
Increases in temperature of the junction affect the peak emission wavelength as 
well, and it is shifted by +03-QAnm It may therefore be necessary to 
utilize heat sinks with LEDs for certain optical fiber communication apirilca* 
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lions, although this is far less critical (normally insignificant compared with the 
linewidth) than the cooling requirement for injection lasers. 

7.4.3 Modulation Bandwidth 

The modulation bandwidth in optical communications may be defined in either 
electrical or optical terms. However, it is often more useful when considering 
the associated electrical drcuitry in an optical fiber communication system to 
use the electrical definition where the modulation bandwidth has dropped to 
half its constant value due to the modulated portion of the optical signal, This 
corresponds to the electrical 3 dB point or the frequency at which the output 
electrical power is reduced by 3 dB with respect to the input electrical power. 
As optical sources operate down to d.c. we only consider the high frequency 
3 dB point, the modulation bandwidth being the frequency range between zero 
and this high frequency 3 dB point. 

Alternatively if the 3 dB bandwidth of the modulated optical carrier (optical 
bandwidth) is considered, we obtain an increased value for the modulation 
bandwidth. The reason for this inflated modulation bandwidth is illustrated in 
example 7.5 and Fig. 7.14. In considerations of bandwidth within the text the 
electrical modulation bandwidth will be assumed unless otherwise stated 
following current practice. 



Pig. 7.14 The treguency response for an optical fiber system showing the electrical and 
optical bandv^dth$. 


ExampI* 7.6 

Compdro th® electrical end optical bandwidths for an optical fiber communication 
eyeiem end develop a relationship between them. 

$oiuHon\ In order to obtain e eimpie relationship between the two bandwidths it 
la nteiiaarv to compare the electrical current through the system. Current rather 
than voltaga (which la generally uaed In electrical systems) Is compared as both the 
optical aouree and optical detector (tee Section B.6) may be consideredJo have a 
. IlMir rtlitlonehlp bitwaen light and current. 
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Electrical bandwidth: The ratio off the electrical output power to the electrical 
input power in decibels is given by: 

electrical power out (at the detector) 

PEdB * ^OlOQio- 

electrical power in (at the source) 


tOlog^o 



xlOlog^o 


The electrical 3 dB points occur when the ratio of eleclrical powers shown above 
18 Hence it follows that this must occur when: 



Thus In the electrical regime the bar>dwidth may be defined bv the frequency when 
the output current has dropped to 1/\/2 or 0.707 of tha input currant to the system. 

Optical bandwidth: The ratio of the optical output power to the optical input 
power in decibels Is given by. 

optical power out (received at detector) 

* 10 log ,0 --- 

optical power in (transmitted at source} 



<x 10log,o- 

(due to the linear llght/curreni relationships of the source end detector). Hence the 
optical 3 dB points occur when the ratio of the currents is equal to and: 

1 

'in ’2 

Therefore in the optlcaf regime the bandwidth is defined by the frequencies at 
which the output current hes dropped to ^ or 0.5 of the input current to the system. 
This corresponds to an electrical power attenuation of 5 dB. 


The comparison between the two bandwidths is illustrated in Fig, 7,14 
where it may be noted that the optical bandwidth is significantly greater than 
the electrical bandwidth. The dilTefence between them (in frequency terms) 
depends on the shape of the frcquoicy respcmse for the system. However, if the 
system response is assumed to be Gaussmn, then the optical bandwidth is a 
factor of v/2 greater than the electrical bandwidth [Ref. 23]. 
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The modulation bandwidth of LEDs is generally determined by three 
mechanisms. These arc: 

(a) the doping level in the active layer; 

(b) the reduction in radiative lifetime due to the injected carriers; 

(c) the parasitic capacitance of the device. 

Assuming negligible parasitic capacitance, the speed at which an LED can be 
directly current modulated is fundamentally limhed by the recombination 
lifetime of the carriers, where flie optical output power P,(co) of the device 
(with constant peak current) and angular modulation frequency to is given by 
[Ref. 24], 


PM 


1 


dc 


[I 


(7.10) 


where t; is the injected (minority) carrier lifetime in the recombination region 
and Pde is d.c. optical output power for the same drive current. 


ExAmpU 7.$ 

The mlnorltv carrier recombination Ufatime for an LED is 5 n$. When e constant dx. 
drive current la appliad to the device the optical output power is 300 mW. Determine 
the optical output power when the device i$ modulated with ari rms drive current 
corresponding to the d.c. drive curreni at frequencies of <a) 30 MHs; (b) 100 MHz. 

It may be assumed that parasitic capacitance Is negligible. Further determine the 
3 dB optical bandwidth for the device ar»d estimate the 3 dB electrical bandwidth 
assuming a Gaussian response. 

Solution, (a) From 6q. (7.10). the optical output power at 20 MHz la: 


PJ20MH2)« 


dc 




300 X 10' 


[1 + (2jix 20X 10® X 5 X 10'’^)^)^ 


300 X lO"* 
[1.391^ 

^ 2B4.2 |iW 

(b) Again using Eg. (7.10): 


300 X 10 


A, (100 MHi) ^ g, X 100 X 10® X 5 X 10-® 1^ 
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300 X 10“® 

[10.87]* 

= 90.9 (»W 

This example illustrates the reduction in the LED optical output power as the device 
Is driven at higher modulating frequertcies. It is therefore apparent that there is a 
somewhat limited bandwidth over which the device may be usefully utilized. 

To determine the optical 3 dB bandwidth: the high frequency 3 dB point occurs 
when Pg{co)/Pdc Hence, using Eq, {7.10): 

1 1 

[1 +.(citt|)^]^ 2 

and 1 + f«t| 4. Therefore «>T| = ^^3, and: 

^3 /3 

-*-:r“»65.1 MH2 

2«t RXlO'® 

Thus the 3 dB optical bandwidth is 65.1 as the device similar to all LEDs 
oparatea down to d.c. 

Assuming a Gaussian frequency response, the 3dB electrIcaJ bandwidth 8 will 
be; 


$5.1 

6 --- 39.0 MHz 

n/2 

Thus the corresponding electrical bandwidth is 39 MHz. However, It must be 
remembered that parasitic capacitance may reduce the modulation bandwidth 
below this value. 


The carrier lifetime is dependent on the doping concentration, the number 
of injected carriers into the active region, the surface recombination velocity 
and the thickness of the active layer. All of these parameters tend to be 
interdependent and are adjustable within limits in present day technology. In 
general the carrier lifetime may be shortened by either increasing the active 
layer doping or by decreasing the thickness of the active layer. However, in 
surface emitters this can reduce the external power efficiency of the device due 
to the creation of an increased number of nonradiative recombination centers. 

Edge-emitting LEDs have a very thin virtually undoped active layer and the 
carrier lifetime is controlled wily by the inj^ed carrier density. At high 
current densities the carrier lifetime decreases with injection level because of a 
bimolecular recombination process [Ref. 241. This bimolecular recombination 
process allows edge-emitting LEDs with narrow recombination regions to 
have short recombination times, and theiefore relatively high modulation 
capabilities at reasonable operating current densities. For instance, edge- 
emitting devices with electrical modulation bandwidths of 14S MHz have been 
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achieved with moderate doping and ejctremely diin (approximately 50 nm) 
active layers [Ref. 25]. 

However, at present LEDs are fundamentally slower than injection lasers 
because of the longer lifetime of electrons in the donor region resulting from 
spontaneous recombination rather than stimulated emission. Thus at high 
modulation bandwidths the cqjtical output power tends to decrease as demon¬ 
strated in example 7.6, and shown in Rg. 7.15 [Ref. 26], The figure illustrates 
the decrease in optical output power with electrical modulation bandwidth for 
surface emitters (solid lines) whilst also indicating an edge-emitting device. It 
may be noted that at a modulation bandwidth of 120 MHz the edge-emitting 
LED provides more optical power into air than the surface-emitters. 

Furthermore, homojunction LEDs fabricated using vapor phase epitaxial 
techniques which give modulation bandwidths to 1 GHz have been reported 
(Refs. 27 and 28] and it is likely that the modulation bandwidths for all device 
types will improve as the technology advances. At present commercially avail¬ 
able LEDs are generally restricted to bandwidths of below 100 MHz. 

Longer wavelength LEDs, especially those fabricated from the InGaAsP/ 
InP system are also becoming commercially available. These devices which at 
present tend to operate in the 1.1-1.3 pm wavelength band take advantage of 
the reduced dispersion and attenuation at these wavelengths. They also exhibit 



Optical baad^nlfh iMHz) 


ng. 7.1S Optical output power with a 3CX)mA drive current against bandwidth for 
AIQtAa surface emrtters reported by Lee ar»d Dental |Ref. 1) and tor AIGaAs 
surface and edge emitters reported by Boiez and Ettenburg\lRefs. 17 and 26]. 
Reproduced with perntlseloo from D. Botez and G. J. HerskoWHz, Components 
for Optical Cbmmunfcatlons Systems: A Review', Proc. IEEE, 68, p. 689, 1980. 
Copyright o 1960 16SE. 
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larger modulation bandwidths (2-3 times) than the GaAs/AlGaAs system 
with the same doping density [Rrf. 28], probably due to shorter carrier 
lifetimes as a consequence of a larger value of recombination coefficient and a 
larger number of nonradiating centers [Ref. 241. Modulation bandwidths up to 
300 MHz have been reported (Ref. 12] for these devices, and it is clear that 
there will be continued activity both in the 1.1-1.3 pm wavelength band as well 
as in the 1.3—1.6 pm band in order to achieve increased modulation band- 
widths [Ref. 30]. It is therefore certain that as the technology for detectors 
over these wavelength bands becomes more established, then large data rate, 
longer wavelength LED systems will be brought into operation. 

7.4.4 Reliability 

LEDs are not generally affected by catastrophic degradation mechanisms 
which severely affect injection lasers (see Section 6.9.6). However, they do 
exhibit gradual degradation which may take the form of a rapid degradation 
mode or a slow degradation mode. 

Rapid degradation in LEDs appears to be similar to that in injection lasers^ 
and is due to the growth of dislocations in the active region giving rise to both 
dark line defects and dark spot defects (absorbing regions) under device ageing 
[Ref. 30). The growth of these defects does not depend upon substrate orienta¬ 
tion but on the injection current density, the temperature, and the impurity 
concentration in the active layer. Good GaAs substrates have dislocation 
densities around 5 x 10^ cm"^. Hence there is less probability of dislocations 
in devices with small active regions. 

LEDs may be fabricated which are largely free from these defects and 
are therefore subject to a slower long term degradation process. This 
homogeneous degradation is thought to be due to recombination enhanced 
point defect generation (i.e. vacancies and interstitials), or the migration of 
impurities into the active region (Ref. 311. The optical output power P^{t) may 
be expressed as a function of the operating time ^ and is given by [Ref. 31]: 

= exp(-M (7.11) 

where is the initial output power and ft is the degradation rate. The 
degradation rate is characterized by the activation energy of homogeneous 
degradation and is a function of temperature. It is given by: 

ft = Po exp [-EJKT] (7.12) 

where po is a proportionality constant, K is Boltzmann’s constant and 7 is the 
absolute temperature of the emitting region. The activation energy is a vari¬ 
able which is dependent on the material system and the structure of the device. 
The value of is in the range 0,56-0.6 eV, and 0.9-1.0 eV for surface-emitting 
GaAs/AlGaAs and InGaAsP/InP LEDs respectively (Ref. 7]. These values 
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suggest hours(100-1000years)CW operation at roomtemperaturefor 

AlGaAs devices and in excess of 10* hoursfor surface-emitting InGaAsP LEDs. 


Example 7.7 

An InGaAsP surface emitter Kas an activatloo energy of 1 eV with a constant of 
proportionalitY (Po) of 1.84 x 10^ . Estimate the CW operating lifetime for the 

LED with 8 constant junction temperature of 17 If H is assumed that the device 
is no longer useful when Us optical output power has diminished to 0.67 of its 

original value. ^ ^ ± c 

Solution-. Initially it is necessary »obtain the degradation rate p,, thus from Ea 

(7.12) 


* 0Q exp \-£^/KTI 


[ -1 X 1.602 X 10"’® 1 
- M 

1.38 X 10’^^ x290 J 
1.84 X lO’ exp [-401 


* 1.84 X lO’ exp [-401 
» 7,82 X 10-’' h’^ 


Now using Eg. (7.11) 




= exp (-P,f)«0.67 


out 


Therefore 


and 


B -In 0-87 


In 0.67 


0.40 


tis 


7-82 xicr” 7.82 xio*” 
5.1 X 10® h 


Hence the estimated lifetime of the device under the specified conditions in 
example 7.7 is 5.1 x 10’ hours. It must be noted that the junction temperature 
even for a device operating at room temperature is likely to be well in excess of 
room temperature when substantial drive currents are passed. Also the 
diminished level of optical output in the example « purely arbitrary and for 
many applications this reduced level may be unacceptable. Nevertheless even 
with more rigorous conditions Ibe anticipated lifetime of such devices is 
fxcellent and is unlikely to cause problems in any optical fiber communication 

lyitem. , 

Extrapolated accelerated lifetime tests are also in broad agreement with the 

thtwftticil tttlii T*** iXeih. 31 and 32|. Therefore as the LED is a reasonably 
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simple compact structure which operates without a current threshold, it is 
likely that its operational Kfe win always exceed that of the injection laser. 


7.5 MODULATION 

In order to transmit information via an optical fiber communication system it 
is necessary to modulate a property of the light with the information signal. 
This property may be intensity, frequency, phase or polarization (direction) 
with either digital or analog signals. The choices are indicated by the 
characteristics of the optical fiber, the available optical sources and detectors, 
and considerations of the overall system. 

However, at present in optical fiber communications considerations of the 
above generally limit the options to some form of intensity modulation of the 
source. For instance, with optical heterodyne (coherent) detection it is 
necessary to demodulate the frequency or phase of the light. Although not 
impossible this is very difficult and requires a stable narrow Imewidth single 
mode source as well as extremely high quality single mode fiber. Therefore 
direct (envelope) detection of the intensity modulated source is currently the 
favored method. 

Intensity modulation is easy to implement with the electroluminescent 
sources available at present (LEDs and injection lasers). These devices can be 
directly modulated simply by variation of their drive currents at rates up to 
gigahertz. This direct modulation of the optical source is satisfactory for the 
modulation bandwidths currently under investigation. However, considering 
the recent interest in integrated optical devices (see Section 11.8) it is likely that 
external optical modulators |Ref. 33) may be utilized in the future in order to 
achieve greater bandwidths and to allow the use of nonsemiconductor sources 
(e.g. Nd:YAG laser) which cannot be directly modulated at high frequency 
(see Section 6.11). External optical modulators are active devices which tend 
to be used primarily to modulate the frequency or phase of the light, but may 
also be used for time division multiplexing and switching of optical signals. 
However, modulation conskleralions within this text will be almost exclusively 
concerned with the direct modulation of the intensity of the optical source. 

Intensity modulation may be utilized with both digital and analog signals. 
Analog intensity modulation is usually easier to apply but requires com¬ 
paratively large signal to noise ratios (see Section 9.2.5) and therefore it tends 
to be limited to relatively narrow bandwidth, short distance applications. Alter¬ 
natively digital intensity modulation gives improved noise immunity but 
requires wider bandwidths, although these may be small in comparison with 
the available bandwidth. It is therefore ideally suited to optical fiber transmis¬ 
sion where the available bandwidth is large. Hence at present most fiber 
systems in the medium to longdistance range use digital intensity modulation. 
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PROBLEMS 

7.1 Describe with the aid of suitable diagrams the mechanism giving the emission 
of light from an LED. Discuss the dTects of this mechanism on the properties 
of the LED in relation to its use as an optical source for communications. 

7.2 Briefly outline the advantages and drawbacks of the LED in comparison with 
the injection laser for use as a sour^ in optical fiber communications. 

7.3 Estimate the external power efficiency of a GaAs planar LED when the 
transmission factor of the GaAs-air int^ace is 0.68 and the internally 
generated optical power is 30% o( the electric^ power supplied. The refractive 
index of GaAs may be tak^ as 3.6. 

7.4 The external pow» efficiency of an InGaAsP/InP planar LED is 0.75% when 
the internally generated optical power is 30 mW. Determine the transmission 
factor for the InP-air interface if the drive current is 37 mA and the potential 
difference across the device is 1.6 V. The refractive index of InP may be taken 
as 3.46. 

7.5 A GaAs planar LED emitting at a wavelength of 0.65 has an internal 
quantum efficiency of 60% when passing a forward current of 20mA8"^ 
Estimate the optical power emitted by the device into air» and hence determine 
the external power efficiency if the potential difTerence across the device is 1 V. 
It may be assumed that the transmission factor at the GaAs-air interface is 
0.68 and that the refractive index of GaAs is 3.6. Comment on any approxima¬ 
tions made. 

7.6 The external power efficiency of a planar <^As LED is 1.5% when the 
forward current is 50 mA and the potential difference across its terminals is 
2V. Estimate the optical power generated within the device if the transmission 
factor at the coated OaAs-air interface is 0.8. 

7.7 Outline the common LED structures for optical fiber communications discuss¬ 
ing their relative merits and drawbacks. In particular, compare surface- and 
edge-emitting devices. 

7.8 Derive an expression for the coupKng efficiency of a surface-emitting LED into 
a step index fiber, assuming the ^vice to have a Lambertian output. Determine 
the optical loss in decibels when coi^)ling the o{^cal power emitted from the 
device into a step index fiber with an acc^tance angle of 14®. It may be 
assumed that the LED is smaller than the fiber core and that the two are in 
close proximity. 

7.9 Considering the LED of problem 7.3, calculate: 

(a) the coupling efficiency and optical loss in decibels of coupling the emitted 
light into a step index fiber with wi NA of 0.15, when device is in 
close proximity to the llb^ and is smaller than the fiber core; 

(b) the optieil loss relative to the optical power generated internally if the 
divlei eiBtta Into a thin air gap tefore light is coupled into the fiber. 
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7.10 Estimate the optical power oH^led into a 50 jtm diameter core step index fiber 
with an N A of 0.18 from a DH surface emitter with an emission area diameter 
of 75 pm and a radiance of 60W sr“' cm"^, The Fresnel reflection at index 
matched semiconductor-fiber interface considered negligible. 

Further, determine the optical loss when coupling light into the fiber relative 
to the power emitted by the device into air if the Fresnel reflection at the 
semiconductor-air interface is 30%. 

7.11 The Fresnel reflection coefficient at a fiber core of refractive index n, is given 
approximately from the classical Fresnel formulae by 

.. r^i' 

Lrt| + rt J 

where n J5 the refractive index of the surrounding medium. 

(a) Estimate the optical loss due to Fresnel reflection at a fiber core and from 
GaAs which have refractive indices of 1.5 and 3.6 respectively. 

(b) Calculate the optical power coupled into a 200 diameter core step 
index fiber with an NA of 0.3 from a GaAs surface-emitting LED with an 
emission diameter of 90pm and a radiance of 40W sr"^ cm"^. Comment 
on the result. 

(c) Estimate the optical power emitted into air for the device in (b). 


7.12 p^ermine the overall power conversion efficiency for the LED in problem 7.11 
if It is operating with a drive current of 100 m A and a forward voltage of 1.9 V. 

7.13 Discuss lens coupling of LEDs to optical fibers and outline the various tech¬ 
niques employed < 

7.14 Discuss the relationship between the electrical and optical modulation 
bandwidths for an optical fiber communication system. Estimate the 3 dB 
optical bandwidth corresponding to a 3 dB electrical bandwidth of 50 MHz. A 
Gaussian frequency response may be assumed. 

7.15 Determine the optical modulaU'on bandwidth for the LED of problem 7.11 if 
the device emits 840 pW of optical power into air when modulated at a fre¬ 
quency of 150 MHz. 

7.16 Estimate the electrical modulation bandwidth for an LED with a carrier recom¬ 
bination lifetime of 8 ns. The frequency response of the device may be assumed 
to be Gaussian. 


7,17 Discuss the reliability of LEDs in comparison with injection lasers. 

Estimate the CW operating lifetime for an AlGaAs LED with an activation 
energy of 0.6 eV and a constant of proportionality (p^) of 2.3 x 10^ h“^ when 
the junction temperature of the device is a constant of 50 ^C. It may be 
assumed that the LED is no longer useful when its optical output power U 0.8 
of its original value. 
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7.18 What is meant by the direct modulatum of an optical source? Give reasons for 
the current use of direct intensity modulation of semiconductor optical sources 
and comment on possible allemadves. 


Answers to Numerical Problems 



7.3 

0.4% 

7.11 

(a) O.S 1 dB 

7.4 

0.70 


(b) 600 ^W; 

7.5 

230 jiW, 1.15% 


(c) 5.44 mW 

7.6 

97.2 mW 

7.12 

0.32% 

7.8 

12.3 dB 

7.14 

70.7 MHz 

7.9 

(a) 16.7 dB 

7.15 

40.6 MHz 


(b) 35.21 dB 

7.16 

24.4 MHz 

7.10 

0.12 mW, 16.9 dB 

7.17 

2.21 X 10^ hours 
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8 

Optical Detectors 


8.1 INTRODUCTION 

We are concerned in this chapter with photodetectors currently in use and 
under investigation for optical fiber communications. ^ 

The role the detector plays demands that it must satisfy very strinaent 
requirements for performance and compatibility. The following criteria define 

tl mSL'IiT' compatibility requirements for Ltectors which 

are generally similar to the requiremenU for sources. 

SS operating wavelengths. The first generation systems 

and LEdS'^* between 0.8 and 0.9 pm (compatible with AlGaAs laser 

at fhe Se3rJ'^' advantage may be gained 

at me detector from second generation sources with operaline wavelenoths 

above 1.1 pm as both fiber attenuation and dispersion are reduced iLre 

much research activity at present in this longer wavelength region 

mS^Z'sr*"* Itni where attenuation and 

material dispersion can be mmimized. In this case semiconductor materials 

are currently under investigation (see Section 8.4.3) in order to achieve 

(b) Hilt S“rt ? operating temperatures (i.e. 300 K). 

^ fnaL ? a signal waveform with fidelity for 

reg^d o^rooral photodetector must be linear with 

regard to the optical signal over a wde range 

8hoSdt^"'“‘ The photodctector 

power maximum dectrical signal for a given amount of optical 

power, I.e. the quantum efficiency should be high, ^ 
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(d) Short response time to obtain a suitable bandwidth. Present systems 
extend into the hundreds of megahertz. However, it is predicted that future 
systems (single mode fiber) will operate in the gigahertz range, and 
possibly above. 

(e) A minimum noise introduced by the detect^'. Dark currents, leakage 
currents and shunt conductances must be low. Also the gain mechanism 
within either the detector or associated circuitry must be of low noise. 

(f) Stabihty of performance characteristics. Ideally, the performance charac¬ 
teristics of the detector should be independent of changes in ambient condi¬ 
tions. However, the detectors currently favored (photodiodes) have 
characteristics (sensitivity> noise, internal gain) which vary with 
temperature, and therefore compensation for temperature effects is often 
necessary. 

(g) Small size. The physical size of the detector must be small for efficient 
coupling to the fiber and to allow easy packaging with the following 
electronics. 

(h) Low bias voltages. Ideally the detector should not require excessive bias 
voltages or currents. 

(i) High reliability. The detector must be capable of continuous stable opera¬ 
tion at room temperature for many years. 

(j) Low cost. Economic considerations are oflen of prime importance in any 
large scale communication system application. 

We continue the discussion in Section 8.2 by briefly indicating the various 
types of device which could be employed for optical detection. From this 
discussion it is clear that semiconductor photodiodes currently provide the best 
solution for detection in optical fiber communications. Therefore in Sections 
8.3 and 8.4 we consider the principles of operation of these devices, together 
with the characteristics of the semiconductor materials employed in their con¬ 
struction. Sections 8.5-8.7 then briefly outline the major operating param¬ 
eters (quantum efficiency, responsivity, long wavelength cutoff) of such 
photodiodes. FoUowing in Sections 8.8 and 8.9 we discuss the structure and 
operation of the major device types (/wr, p-i-n and avalanche photodiode). 
Finally, in Section 8.10 we consider recent developments in phototransistors 
which could mean they may eventually find voider use as detectors for optical 
fiber communications. 

•.2 DEVICE TYPES 

To detect optical radiation (photons) in the near infrared region of the 
ipectrum, both external and internal phe^oemission of electrofis may be 
UtUixed* External photoemiiiion devices typified by photomultiplier tubes and 
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vacuum photodiodes meet some of the performance criteria but are too bulky, 
and require high voltages for operation. However, internal photoemission 
devices especially semiconductor photodiodes with or without internal 
(avalanche) gain provide good performance and compatibility with relatively 
low cost. These photodiodes are made from semiconductors such as silicon, 
germanium and an increasing number of III-V alloys, all of which satisfy in 
various ways most of tlie detector rcquiremwits. They are therefore used in all 
major current optical fiber communication systems. 

The internal photoemission process may take place in both intrinsic and 
extrinsic semiconductors. With intrinsic absorption, the received photons 
excite electrons from the valence to the conduction bands in the semicon¬ 
ductor, whereas extrinsic absorption involves impurity centers created within 
the material. However, for fast response coupled with efficient absorption of 
photons, the intrinsic absorption process is preferred and at present all 
detectors for optical fiber communications use intrinsic photodetection. 

Silicon photodiodes [Ref. I] have high sensitivity over the 0.8-O.9 4m 
wavelength band with adequate speed (hundreds of megahertz), negligible 
shunt conductance, low dark current and long term stability. They are 
therefore widely used in first generation systems and are currently com¬ 
mercially available. Their usefulness is limited to the first generation 
wavelength region as silicon has an indirect bandgap energy (see Section 8.4.1) 
of 1.14 eV giving a loss in response above 1.09 pm. Thus for second genera¬ 
tion systems in the longer wavelength range M-1.6 pm research is devoted to 
the investigation of semiconductor materials which have narrower bandgaps. 
Interest has focused on germanium and 111-V alloys which give a good 
response at the longer wavelengths. 

In both wavelength bands two main device types are currently the topic of 
major study. These are the p-i-n and avalanche photodiodes. We shall 
therefore consider these devices in greater detail, 

8.3 OPTICAL DETECTION PRINCIPLES 

The basic detection process in an intrinsic absorber is illustrated in Fig. 8.1 
which shows a p-n photodiode. This device is reverse biassed and the electric 
field developed across the p-n junction sweeps mobile carriers (holes and 
electrons) to their respective majority sides {p and n type material). A deple¬ 
tion region or layer is therefore created on either side of the junction. This 
barrier has the effect of stopping the majority carriers crossing the junction in 
the opposite direction to the field. However, the field accelerates minority 
carriers from both sides to the opposite side of the junction, forming the 
reverse leakage current of the diode. Thus intrinsic conditions are created in 
the depletion region. 

A photon incident in or near the depletion region of this device which has an 
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Fig. 8.1 Operation of photodiode: (a) photogen era Hon o 


— — — — -£> (Fuccni 


an alectron-hole pair in 


an Intrinsic semiconductor; it) the structure of the reverse biassed p^n junc¬ 
tion illustrating carrier drift In the depletion region; <c) the energy band diagram 
of tha reverse blessed junction showing photogeneration and the subee- 
quent separation of an electron-hole pair. 


energy greater than or equal to the bandgap energy of the fabricating 
material (i.e. will excite an electron from the valence band into the 

conduction band. This process leaves an empty hole in the valence band and is 
known as the photogeneration of an electron-hole (carrier) pair as shown in 
Fig. 8.1(a). Carrier pairs so generated near the junction are separated and 
swept (drif\) under the inHuetice of the electric field to produce a displacement 
current in the external circuit in excess of any reverse leakage current (Fig. 
8.1(b)). Photogeneration and the separation of a carrier pair in the depletion 
region of this reverse biassed p-n Junction is illustrated in Fig. 8.1(c). 

The depletion region must be sufficiently thick to allow a large fraction of 
the incident light to be absorbed in order to achieve maximum carrier pair 
generation. However, since long carrier drift times in the depletion region 
restrict the speed of operation of the photodiode it is necessary to limit its 
width. Thus there is a trade-olT between the number of photons absorbed 
(sensitivity) and the speed of response. 


t.4 ABSORPTION 


•.4.1 Absorption Coofficiont / 

ftbiorptlon of photons in a photodiode to produce carrier pairs and thus a 
illMMunriBI. dapandent on Ae absorption coeffleient og of the light in the 
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semiconductor used to fabricate the device. At a specific wavelength and 
assuming only bandgap transitiDns (i^ intrinsic absorber) the photocurrent /p 
produced by incident light of optical power is given by [Ref. 4]: 

—[l-exp(-aod)] ( 8 . 1 ) 

where e is the charge on an electron, r is the Fresnel reflection coefficient at the 
semiconductor-air interface and d is the width of the absorption region. 

The absorption coefficients of semiconductor materials are strongly depen¬ 
dent on wavelength. This is illustrated for some common semiconductors 
(Ref. 4| in Fig. 8.2. It may be observed that there is a variation between the 
absorption curves for the materials shown and that they are each suitable for 



ng. 8.2 Opticil absorption curves for some common semiconductor photodiode 
materials (silicon, gemanium. gsiMum dfaenide and Indium gallium arsenide 
phosphide). Reproduced with permission from S. C. Miller and A. Q. Chynoweth 
(Eds.), Optical Fibre Tefecommunicatiorts. 1979, courtesy Academic Press Inc.. 
Ltd. 


Table 8,1 Bandgeps for some semiconductor 
photodiode materials at 300 K 



BarKigap (eV) at 300 K 

Indirect 

Direct 

Si 

1.14 

4.t0 

Ge 

0.67 

0.61 

GaAs 


1,43 

InAs 


0.35 

InP 


1.35 

GaSb 


0.73 

lno.MGaa«As 


0.75 



1.15 



1.15 
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different wavelength applications. This results from their differing bandgaps 
energies as shown in Table 8.1. However, k must be noted that the curves 
depicted in Fig. 8.2 also vary with temperature. 

8.4.2 Direct and Indirect Absorption: Silicon and Germanium 

Table 8.1 indicates that silicon and germanium absorb light by both direct and 
indirect optical transitions. Indirect absorption requires the assistance of a 
phonon so that momentum as well as energy are conserved. This makes the 
transition probability less likely for indirect absorption than for direct absorp¬ 
tion where no phonon is involved. In this context direct and indirect absorption 
may be contrasted with direct and indirect emission discussed in Section 
6.3.3.1. Therefore as may be seen from Fig. 8.2 silicon is only weakly absorb¬ 
ing over the wavelength band of interest in optical fiber communications (i.e. 
first generation 0.8-0.9 pm). This is because transitions over this wavelength 
band in silicon are due only to the indirect absorption mechanism. As 
mentioned previously (Section 8.2) the threshold for indirect absorption occurs 
at 1.09 pm. The bandgap for direct absorption in silicon is 4.10 eV 
corresponding to a threshold of 0.30 pm in the ultraviolet and thus is well 
outside the wavelength range of interest. 

Germanium is another semiconductor material for which the lowest energy 
absorption takes place by indirect optical transitions. However, the threshold 
for direct absorption occurs at 1.53 pm, below which germanium becomes 
strongly absorbing corresponding to the kink in the characteristic shown in 
Fig. 8.2. Thus germanium may be used in the fabrication of detectors over the 
whole of the wavelength range of interest (i.e. first and second generation 
0.8-1.6 pm), especially considering that indirect absorption will occur up to a 
threshold of 1.85 pm. 

Ideally a photodiode material should be chosen with a bandgap energy 
slightly less than the photon energy corresponding to the longest operating 
wavelength of the system. This gives a sulficiently high absorption coefficient 
to ensure a good response, and yet limits the number of thermally generated 
carriers in order to achieve a low dark current (i.e. displacement current 
generated with no incident light (see Fig. 8.5)). Germanium photodiodes have 
relatively large dark currents due to their narrow bandgaps in comparison to 
other semiconductor materials. This is a major disadvantage with the use of 
germanium photodiodes especially at shorter wavelengths (below 1.1 pm). 

8.4.3 IM-V Alloys 

The drawback with germanium as a fabricating material for semiconductor 
photodiodes has led to increased investigation of direct bandg^II-V alloys 
for the longer wavelength region. These materials are potentially superior to 
germinium becauee their bandgapi can be tailored to the desired wavelength 
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by changing the relative concentrations of their constituents, resulting in lower 
dark currents. They may also be fabricated in heterojunction structures which 
enhances their high speed operation. 

Ternary alloys such as InGaAs and GaAlSb deposited on GaSb substrates 
have been used to fabricate |:4iotodiodes for the 1.0-1.4 fim wavelength band. 
However, difficulties in growth of these alloys with lattice matching have led to 
defects which cause increased dark currents and microplasma sites (small 
areas with lower breakdown voltages than the rest of the junction).* These 
defects limit the performance of a device fabricated from ternary alloys. More 
encouraging results have been obtained with quaternary alloys such as 
InGaAsP grown on InP and GaAIAsSb grown on GaSb. These systems have 
the major advantage that the bandgap and lattice constant can be varied 
independently. This permits the bandgap tailoring whilst maintaining a lattice 
match to the substrate. 


8.5 QUANTUM EFFICIENCY 

The quantum efficiency j\ is defined as the fraction of incident photons which 
are absorbed by the phctodetector and generate electrons which are collected 
at the detector terminals: 


1 = 


number of electrons collected 
number of incident photons 


Hence, 


( 8 . 2 ) 


i^ = — 


(8.3) 


where is the incident photon rate (photons per second) and is the 
corresponding electron rate (electrons per second). 

One of the major factors which determines the quantum efficiency is the 
absorption coefficient (see Section 8.4.1) of the semiconductor material used 
within the photodetector. It is generally less than unity as not all of the incident 
photons are absorbed to create dectron-hole pairs. Furthermore, it should be 
noted that the quantum efficiency is often quoted as a percentage (e.g. a 
quantum efficiency of 75% is equivalent to 75 electrons collected per 100 
incident photons). Finally, in common with the absorption coefficient, the 
quantum efficiency is a function of the photon wavelength and must therefore 
only be quoted for a specific wavelength. 


* it should be noted that microplasmas are only of concern In avelenche 
photodiodes (Section 8, 9.1). 
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8.6 RESPONSIVITY 

The expression for quantum enkiency does not involve photon energy and 
therefore the responsivity R is often of more use when characterizing the 
performance of a photodetector. It is defined as: 


AW 


(8.4) 


o 


where Ip is the output photocurrent in amperes and is the incident optical 
power in watts. The responsivity is a useful parameter as it gives the transfer 
characteristic of the detector (i.c. pbotocurrent per unit incident optical power). 

The relationship for responsivity (Eq. (8.4)) may be developed to include 
quantum efficiency as follows. Considering Eq. (6.1) the energy of a photon 
E= hf. Thus the incident photon rate may be written in terms of incident 
optical power and the photon energy as: 




hf 

In Eq. (8.3) the electron rate is given by: 


(8.5) 




Vp 


( 8 . 6 ) 


Substituting from Eq. (8.5) we obtain 


v 


(8.7) 


Therefore, the output photocurrent is: 


( 8 . 8 ) 


where e is the charge on an electron. Thus from Eq. (8.4) the responsivity may 
be written as: 




¥ 


(8.9) 


Equation (8.9) is a useful relationship for responsivity which may be developed 
a further stage to include the wavelength of the incident light. 

The frequency /of the incident (totems is related to their wavelength X and 
the velocity of light in air c, by: 




( 8 . 10 ) 
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Substituting into Eq. (8.9) a Imal eipression for the responsivity is given by: 



( 8 . 11 ) 


It may be noted that the responsivi^ is directly proportional to the quantum 
eHiciency at a particular waveloigth. 

The ideal responsivity against wavelength characteristic for a silicon 
photodiode with unit quantum efficiency is illustrated in Fig. 8.3. Also shown 
is the typical responsivity of a practical silicon device. 



Pig. 8.3 Rasponsivity against wavalengih characteriaiic for an Ideal silicon photodiode. 
The r^sponarvfiy of e lypicel device is also shown. 


Example 8.1 

When 3 x photons each with a waveleng^ of O.SBum are Incident on a 
photodiode, on average 1.2 x 10” electrons are collected at the terminals of the 
device. Determine the quantum efficiency and the re^onslvlty of the photodiode at 
0.85 ^m. 

Solution: From Eq. <8.2), 

number of electrons collected 

quantum efficiency *- 

number of incident photons 


1.2 X 10” 


3 X 10” 

= 0.4 

The quantum efficiency of the photodiode at 0.85 pm is 40%. 
From Eq. <8.11). 

r[9\ 

reaponeivity R — —^ 

he 
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0.4 X 1.602 X 10“** X 0.85 x lO"® 
6.626 X 10-®® x 2.998 x 10® 

= 0.274 AW-’ 

The responsivity of the photodiode at 0.85 lun is 0.27 AW 


f-i 


Example 8.2 

A photodiode has a quantum efficiency of 65% when ^otons of energy 1.5 x 
10"'® J are Incident upon It. 

(a) At what wavelength Is the photodiode operating? 

(b) Calculate the incident optical power required to obtain a photocurrent of 2.5 \iA 
when the photodiode is operating as described above. 

So/ut/on: (a) From Eq. (6.1), lha photon ertergy €^hf^hcIX. Therefore 

Ac 6.626 X 10'®® X 2.998 x 10* 

£ " 1.5 X 

» 1.32 um 

The photodiode is operating at a wavelength of 1.32 pm. 

(b) Prom Eq. (8.9). 

ne 0.65 X 1.602 x 10-^» 
resoontivityff* — « ■- ■■ - 

hf 1-5x10-’® 


s 0.694 A W 


.1 


Also from Eq. (6.4). 




Therefore 


2.5 X 10- 


0.694 


« 3.60 pW 


The Incident optical power required is 3.60 ^W. 


8.7 LONG WAVELENGTH CUT OFF 


It is essential when considering the intrinsic absorption process that the energy 
of incident photons be greater than or equal to the bandgap energy of the 
material used to fabricate the photodetector. Therefore the photon energy 

He 


( 8 . 12 ) 
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giving 



(8.13) 


Thus the threshold for detection commonly known as the long wavelength 
cutoff point is: 



(8.14) 


The expression given in Eq. (8.14) allows the calculation of the longest 
wavelength of light to give photodetection for the various semiconductor 
materials used in the fabrication of detectors. 

It is important to note that the above criterion is only applicable to intrinsic 
photodetectors. Extrinsic photodetectors violate the expression given in Eq. 
(8.12), but are not currently used in optical fiber communications. 


Example a.a 

GeAs has e btnCgap energy of 1.43 eV at 300 K. Determine the wavelength above 
which an Intrinsic photodetector fabricated from this material will cease to operate. 
So/ution: Prom Eo- (S.14). ihe long wavelengU^ cutoff; 

he 6.626 X 10-^ X 2-998 x 10® 

1.43 X 1-602 X 10-'* 

* 0-867 nm 

The GaAs photodetactor will cease to operate above 0.87 pm. 


8.8 SEMICONDUCTOR PHOTODIODES WITHOUT INTERNAL 
GAIN 

Semiconductor photodiodes without internal gain generate a single electron 
hole pair per absorbed photon. This mechanism was outlined in Section 8.3, 
and in order to understand the development of this type of photodiode it is now 
necessary to elaborate upon H. 

8.8.1 p-o Photodiode 

Figure 8.4 shows a reverse biassed p-n photodiode with both the depletion and 
diffusion regions. The depletion region is formed by immobile positively 
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£ field 
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Depl«lion 

Tcpon 


Uail 



Absorption 

rcipon 


Diffusion rvf ion 


Pig. 8.4 p-n photodiode showing deplelion end diffusion regions. 


negatively charged acceptor atoms in the p type material, when the mobile 
carriers are swept to their majority sides un^r the influence of the electric 
field. The width of the depletion region is therefore dependent upon the doping 
concentrations for a given applied reverse bias (i.e. the lower the doping, the 
wider the depletion region). For the interested reader expressions for the deple¬ 
tion layer width are given Ref 5. 

Photons may be absorbed in both the depletion and diffusion regions as 
indicated by the absorption region in Fig. 8.4. Tht absorption region’s position 
and width depends upon the energy of the incident photons and on the material 
from which the photodiode is fabricated. Thus in the case of the weak absorp¬ 
tion of photons, the absorption region may extend completely throughout the 
/device. Electron-4iole pairs are therefore generated in both the depletion and 
diffusion regions. In the depletion region the carri^ pairs separate and drift 
under the influence of the electric Held, whereas outside this region the hole 
diffuses towards the depletion region in order to be collected. The diffusion 
process is very slow compared to drift and thus limits the response of the 
photodiode. 

It is therefore important that the photons are absorbed in the depletion 
region. Thus it is made as long as possible by decreasing the doping in the n 
type material. The depletion region width in a p-n photodiode is normally 
1—3 pm and is optimized for the efiicient detection of light at a given 
wavelength. For silicon devices this is in the visible spectrum (0.4-0.7 pm) and 
for germanium in the near infrared (0.7-0.9 pm). 

Typical output characteristics for the reverse-biassed p-n photodiode are 
illustrated in Fig. 8.5. The different operating conditions may be noted moving 
im no light input to a high light level / 







338 


OPTICAL FIBER COMMUNICATIONS: PRINCIPLES AND PRACTICE 



Fig. 8.5 Typical p-/) photodiode output charactenslics. 


8.8.2 p-/wi Photodioda / Q 

In order to allow operation at longer wavelengths where the light penetrates 
more deeply into the semiconductor material a wider depletion region is 
necessary. To achieve this the n type material is doped so lightly that it can 
be considered intrinsic* and to make a low resistance contact a highly doped n 
type («•) layer is added. This creates a (or PIN) structure as may be 
seen in Fig. 8 .6 where all the absorption takes place in the depletion region. 

Figure ^*7 shows the structures of two types of silicon p-t-n photodiode for 
operation in the shorter wavelength band below ] .09 4 m. The front illuminated 



Fig. 8.6 p-f’-n photodiode showing cximbined absorption and depletion region. 
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Fig. 8.7 (a} Structure o1 a front illuminated silicon p-i-n photodiode, (b) Structure of a 

side illuminated (parallel lo Junction) fh^-n photodiode. 


photodiode when operating in the 0.8-0.9 fun band (Fig. 8.7(a)) requires a 
depletion region of between 20 and 50 pm in order to attain high quantum 
efficiency (typically 85%) together with fast response (less than 1 ns) and low 
dark current (1 nA). Dark current vises from surface leakage currents as well 
as generation-recombination currents in the depletion region in the absence of 
Illumination. The side illuminated structure (Fig. 8.7(b)), where light is injected 
parallel to the Junction plane, exhibits a Ivge absorption width (&500 pm) and 
hence is particularly sensitive ^at wavelengths close to the bandgap limit 
(1.09 4 m) where the absorption coefUcient is relatively small 

Germanium p-i-n photodiodes which span the entire wavelength range of 
interest ve also commercially available, but as mentioned previously (Section 
8.4.2) the relatively high dark currents are a problem (typically l(X)nA at 
20 increasing to 1 pA at 40 ^C). However, as outlined in Section 8.4.3 
III—V alloys are under investigation for detection in the longer wavelength 
region. The two of particular interest in view of lattice matching are 
Ini.,Ga,As^Pj.^ grown on InP and Ga^AI,^^^^Sbi_^ grown on GaSb. The 
structure for a p-i-n photodiode [Ref. 7] of the former is shown in Fig. 8 . 8 . 

The quaternary wafer was grown by liquid phase expitaxy using a con- 
ventional sliding-boat technique. The photodiode formed a mesa structure in 
which the edge of the p-n junction was exposed to the environment or the 
material in the package. It operated at a wavelength of 1.26 pm with low dark 
current (less than 0.2 n A) and with a quantum efficiency vound 60%. Also the 
reiponie time was estimated at no greater than 100 ps. It is likely that 
jihotodiodei flibricated from these materials will fmd wide application within 
wavelength optical fiber lyitemi. 
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Fig. 8.8 Structure of 30 li%GaAsP photodiode. The IrP base is transparent to the 

radiation absorbed in the quaternary layers [Ref. 7]. 


8.9 SEMICONDUCTOR PHOTODIODES WITH INTERNAL GAIN 
8.9.1 Avalanche Photodiodaa 

The second major type of optical communications detector is the avalanche 
photodiode (APD). This has a more sophisticated structure than the 
photodiode in order to create an extremely high electric Held region 
(approximately 3 x lO^ V cm"*) as may be seen in Fig. 8.9(a). Therefore, as 
well as the depletion region where most of the photons are absorbed and the 
primary carrier pairs generated there is a high field region in which holes and 
electrons can acquire sufficient energy to excite new electron-hole pairs. This 
process is known as impaa ionization and is the phenomenon that leads to 
avalanche breakdown in ordinary reverse biassed diodes. It requires very high 
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Pig. 8.9 (a) Avalanche photodiode showing high electric field {gain) region, {b) Carrier 

pair multiplicetron in the gain region. 
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reverse bias voltages (100-400 V) in order that the new carriers created by 
impact ionization can themselves produce additional carriers by the same 
mechanism as shown in Fig. 8.9(b). 

Carrier multiplication factors as great as 10* may be obtained using defect- 
free materials to ensure uniformity of carrier multiplication over the entire 
photosensitive area. However, other factors affect the achievement of high gain 
within the device. Microplasmas> which are small areas with lower breakdown 
voltages than the remainder of the junction, must be reduced through the selec¬ 
tion of defect-free materials together with careful device processing and 
fabrication. In addition, excessive leakage at the junction edges can be 
eliminated by the use of a guard ring structure as shown in Fig. 8.10. At 
present both silicon and germanium APD$ are available. 

Operation of these devices at high speed requires full depletion in the 
Absorption region. As indicated in Section 8.8.1, when carriers are generated in 
undepleted material, they are collected somewhat slowly by the diffusion 
process. This has the effect of producing a long ‘diffusion tail’ on a short 
I optical pulse, When the APD is fully depkted by employing electric fields in 
excess of 10^ V m*S all the carriers drift at saturationOimited velocities. In this 
case the response time for the device is limited by two factors. These are: 

(k) the transit time of the carriers across the absorption region (i.e. the deple¬ 
tion width); and 

i (b) the time taken by the carriers to perform the avalanche multiplication 
process. 

Often an asymmetric pulse shape is obtained from the APD which results 
rom a relatively fast rise time as the electrons are coUected and a fall time 
Ictatcd by the transit time of the holes travelling at a slower speed. Hence, 
Ithough the use of suitable materials and structures may give rise times 
itween ISO and 200 ps, fall times of 1 ns or more are quite common which 
lit the overall response of the device. 


MtfUl contact- 
SiO, 




Tins 

D«pkUon refiioji 


1,10 Itructurt of • silicon ivilaneha photodlodi with guard ring. 
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8.9.2 Silicon Reach Through Avalanche Photodiodes 

To ensure carrier multiplication without excess noise within the APD it 
is necessary to reduce the ratio of the ionisation coefficients for electrons and 
holes k (see Section 9.3.4X In siliccm this ratio is a strong function of the 
electric field varying from around 0.1 at 3 x 10^ V to 0.5 at 
6 X 10^ V Hence for minimum noise, the electric field at avalanche 
breakdown must be as low as possible and the impact ionization should be 
initiated by electrons. To this end a ^reach through' structure has been imple¬ 
mented with the silicon avalanche photodiode. The silicon ^reach through' 
APD(RAPD) consists of layers as shown in Fig. 8.11(a). As may 

be seen from the corresponding field plot in Fig. 8.11(b). the high field region 
where the avalanche multiplication takes place is relatively narrow and 
centered on the junction. Thus under low reverse bias most of the voltage 
is dropped across the p-n* Juncuon. 

When the reverse bias voltage is increased the depiction layer widens across 
the p region until it ‘reaches through' to the nearly intrinsic Oightly doped) n 
region. Since the n region is much wider than the p region the field in the n 
region is much lower than that at the p-n* junction (see Fig. S.IUb)). This has 
the effect of removing some of the excess applied voltage from the multiplica¬ 
tion region to the n region giving a relatively slow increase in multiplication 
factor with applied voltage. Although the field in the n region is lower than in 
the multiplication region it is high enough (2xl0 ^Vcm*0 when the 
photodiode is operating to sweep the carriers through to the multiplication 
region at their scattering limited velocity (10^ cm s*^). This limits the transit 
time and ensures a fast response (as short as 0.5 ns). 

Measurements [Ref. I6| for a silicon RAPD for optical fiber communica¬ 
tion applications at a wavelength of 0.82S pm have shown a quantum 
efficiency (without avalanche gain) of nearly 100% \n the working region, as 
may be seen in Pig. 8.12. The dark currents for this photodiode are also low 
and depend only slightly on bias voltage. 





e field 



Gain icj^ion 
Absorption region 


Fig. 8.11 


(b) 

(a) Structure of a silicon RAPD. (b) The field distribution in the RAPO showing 
the gain region across the p-n* junction. 
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ng. 8.12 


Measurements of quantum efficiency against wavelength for s silicon RAPD. 
After Ref 16, Reprinted with permiesion from The Bell System Technical 
Journal t 1978. AT&T. 


8.9.3 Qgrmanium Avalanche Photodiodea 

Work is also continuing to optimize germanium APDs in order to achieve low 
dark currents with reasonable multiplication factors over the whole of the 
wavelength range of interest. A low noise germanium A PD [Ref. 25] 

which will operate over the 0.8-1.5 pm wavelength band has gone some way 
to achieving this, although at a wavelength of 1.3 pm with a multiplication 
factor of 10 the device has a dark current of approximately I pA. 

8*9.4 III—V Alloy Avalanche PHotodiodaa 

Recently interest has focused on APDs fabricated from IIl-V alloys. Initially 
,they were found to give excessively large dark currents at the biasses required 


Hf 





8.18 Cron Motion of an InGoAaP/lnP heioroatructure APD with the high electric 
fltld (oalnl region In the InP liyor iRof. 281. 
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to achieve gain. However, a structure has been reported which appears to 
reduce this problem [Ref. 26]. 

An example of this structure is given in Fig. 8.13 which shows an etched 
inverted mesa InGaAsP/InP APD. The interesting innovation with this 
structure which reduces the daric current to an acceptable level (200 pA for a 
multiplication factor of 10) is that the p-n* junction, and therefore the mul¬ 
tiplication region is located in the InP substrate with the depletion region 
extending into the photosensitive InGaAsP. The structure therefore takes 
advantage of the low leakage, high gain properties of InP APDs and the longer 
wavelength response of the narrower batidg^ InGaAsP (0.35-0.70 eV). 

8.9.5 Drawbacks with tha Avalanche Photodiode 

APDs have a distinct advantage over photodiodes without internal gain for the 
detection of the very low light levels often encountered in optical fiber com¬ 
munications. However, they also have several drawbacks, which are: 

(a) Fabrication difficulties due to their more complex structure and hence 
increased cost. 

(b) The random nature of the gain mechanism which gives an additional noise 
contribution (see Section 9.3.3). 

(c) The high bias voltages required (100-400 V) which are wavelength 
dependent. 

(d) The variation of the gain (multiplication factor) with temperature as shown 
in Fig. 8.14 for a silicon RAPD iRef. 161. Thus temperature compensation 
is necessary to stabilize the operation of the device. 



Fig. 8.14 Current gain against reverse bias for a silicon RAPD operating at a wavelength 
of 0 825 ^rr\. After Ref. 16. Reprinted with permission from The B$ll System 
Technical Journai e 1978. AT&T. 
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8.9.6 Multiplication Factor 

The multiplication factor Af is a measure of the internal gain provided by the 
APD. It is defined as: 



(8.15) 


where / is the total output current at the operating voltage (!.e. where carrier 
multiplication occurs) and is the initial or primary photocurrent (i.e. before 
carrier multiplication occurs). 


Example 8.4 

The quantum afficiancy of a particular aiiicon RAPD Is 80% for the detection of 
radiation at a wavelength of 0.9 iim. When ihe incident oot^al power la 0,b the 
output current from the device (after avalanche gain) is 11 \iA, Determine the 
multiplication factor of the photodiode under these conditions. 

Sofuthn: From Bq. (8.11). the responsivitv 

iteX 0-8 X 1.602 k 10-'» x 0.9 x 10’® 

he 6-626 X 10“®^ X 2-998 x 10* 

» 0 S81 A W-* 

Also from Eg. (8.4). the pholocurreni 

/p » 

s 0-5 X 10“^ X 0-681 
s 0-291 |iA 

Finally using Eg. (8.15): 

/ 11 X \0-* 

- 

/p 0.291 X 10-« 

» 37.8 

The multiplication factor of the photodiode 1$ approximately 3B. 


8.10 PHOTOTRANSiSTORS 

The problems encountered with APDs for use in the longer wavelength region 
hfti stimulated a renewed interest in bipolar phototransistors. However, these 
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devices have yet to find use in major optical fiber communication systems. In 
common with the APD the phototransistor provides internal gain of the 
photo current. This is achieved through transistor action rather than avalanche 
multiplication. A symbolic representation of the n-p-n bipolar phototransistor 
is shown in Fig. 8.15(a). It differs from the conventional bipolar transistor in 
that the base is unconnected, the base-collector junction being photosensitive 
to act as a light-gathering element. Thus absorbed light affects the base current 
giving multiplication of primary photociirrent through the device. 

The structure of a recent n-p-n InGaAsP/InP heterojunction photo- 
transistor is shown in Fig. 8.IS(b) [Ref. 301. The three layer heterostructure 
(see Section 6.3.5) is grown on an litP substrate using liquid phase epitaxy 
(LPE). It consists of an «type InP collector layer followed by a thin (0.1 pm) p 
type InGaAsP base layer. The third layer is a wide bandgap n type InP emitter 
layer. Radiation incidoit on the device passes unattenuated through the wide 
bandgap emitter and is absorbed in the base, base^oUector depletion region 



Fig. 8.16 (a) Symbolic representation of the n-p-n phototrensittor showing the external 

connections, (b) Croee section of an n-p-n InGaAsP/lnP hetaro]unQtlon 
phototranalstor [Rei 30l. 
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and the collector. A large secondary photocurrent between the emitter and 
collector is obtained as the photogenerated holes are swept into the base, 
increasing the forward bias on the device. The use of the heterostructure 
permits low emitter-base and collector—base junction capacitances together 
with low base resistance. This is achieved through low emitter and collector 
doping levels coupled with heavy doping of the base, and allows large current 
gain. In addition the potential barrier created by the heterojunction at the 
emitter-base junction effectively eliminates hole injection from the base when 
the junction is forward biassed. This gives good emitter base injec¬ 
tion efficiency. The optional gain G„ of the device is given approximately 
by [Ref. 30] 


Go = = 


¥4 
c P. 


(8.16) 


where p is the quantum efficiency of the base-collector photodiode, is the 
common emitter current gain, 7, is the collector current. is the incident 
optical power, e is the electronic charge and ftf is the photon energy. 

The phototransistor shown in Fig. 8.15(b) is capable of operating over the 
0 .9-1.3 pm wavelength band giving optical gains in excess of 100 as demon- 
itrated in example 8.5. 


Example 8.5 

Tha phototranalator d 8.15(b) has a collector current of 16 mA when the 
Incident optical power at a wavelenoth of 1.26 nm \% 125 iiW. Estimate; 

(a) the optical gain of the device under the above opcratir^g conditions: 

(b) the common emitter current gain if the quantum efficiertcy of the base-collector 
photodiode at a wavelength of 1,26 pm ts 40%. 

$o/u(ion: (a) Using Hq. i8.16). the optical gain is givert by: 


hf L 


he h 




0 — 


e P, 


K P. 


6.626 X 10-“ X 2.998 x 10*x 15 x 10 


-3 


1.26 X 10-* X 1.602 X 10-'® X 125 x 10"® 


1/ 


» 118.1 

(b) The common emitter current gain Is: 

Go 118 1 

Apg - --- 295.3 


0.4 


In thie example • common emrtter current gain of 295 gives an optica! gam of 
' 11|i )t tharpfore poillbll that thla type of device will become an alternative to the 
fif 0^1 dattotlon at wavetangtha i^va l.t 


V 
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PROBLEMS 


8.1 Outline the reasons for the adoption of the materials and devices used for 
photodetection in optical fiber communications. Discuss in detail the p-i-n 
photodiode with regard to performance and compatibility requirements in 
pholodetectora. 

8.2 A p-i-n photodiode on average generates one electron-hole pair per three 
incident photons at a wavelength of 0.8 pm. Assuming all the electrons are 
collected calculate: 

(a) the quantum efficiency of the device; 

(b) its maximum possible bandgap energy; 

(c) the mean output photocuitent when the received optical power is 
ICT^ W. 

8.3 Explain the detection process in the p-n photodiode. Compare this device with 
the p-i-n photodiode. 

8.4 Define the quantum efficiency and the responsivity of a photodetector. 

Derive an expression for the responsivity of an intrinsic photodetector in 
terms of the quantum efficiency of the device and the wavelength of the 
incident radiation. 

Determine the wavelength at which the quantum efficiency and the 
responsivity are equal. 

8.8 A p-n photodiode has a quantum efficiency of 50% at a wavelength of 0.9 pm. 
Calculate: 

(a) its responsivity at 0.9 pm; 

(b) the received optical power if the mean photocurrent is 10*^ A; 

(c) the corresponding number of received photons at this wavelength. 

8.6 When 800 photons per second are incident on a p^hn photodiode operating at 
a wavelength of l.i pm they generate on average 550 electrons per second 
which are collected. Calculate the responsivity of the device. 

8.7 Explain what is meant by the long wavelength cutoff point for an intrinsic 
photodetector, deriving any rdevant expressions. 

Considering the bandgap energies given in Table 8.1, calculate the long 
wavelength cutoff points for both direct and indirect optical transitions in 
silicon and germanium. 

8.8 A p-i-n photodiode ceases to operate when ^otons with energy greater than 
0.886 eV are incident upon it; of which material is it fabricated? 

8.9 Discuss the operation of the silicon RAPD, describing how it differs from the 
p-n photodiode. 

Outline the advantages and drawbacks with the use of the RAPD as a 
detector for optical fiber communications. 

8.10 An APD with a multiplication factor of 20 operates at a wavelength of 1.5 pm. 
Calculate the quantum efficiency and the output photocurrent fVom the device 
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if its responsivky at this wavel^igth is 0.6 A and 10^° photons of 
wavelength 1.5 pm are incideot upon it per second. 

8.11 Discuss the materials used in the fabrication of APDs and comment on their 
relative merits and drawbacks whtn employed in devices utilized for optical 
fiber communication. 

8.12 Given that the following measurements were tadcen for an A PD calculate the 
multiplication factor for the device. 

Received optical power at 1.35 pm — 0.2 pW 

Corresponding output photocurrait = 4.9 pA 

(after avalanche gain) 

Quantum efiiciency at 1.35 pm =40% 

8.13 An A PD has a quantum elliciency of 4 5% at 0.65 ^m. When illuminated with 
radiation of this wavelength it produces an output photocurrent of 10 pA afier 
avalanche gain with a multiplication factor of 250. Calculate the received 
optical power to the device. How many j^otons per second does this 
correspond to? 

8.14 When 10^’ photons per second each with an energy of 1.28 x 10"^’J are 
incident on an ideal photodiode, calculate: 

(a) the wavelength of the incident radiation; 

(b) the output photocurreni; 

(c) the output photocurreni if the device is an A PD with a multiplication 
factor of 18, 

8.18 A silicon RAPD has a multiplication factor of 10^ when operating at a 
wavelength of 0.82 pm. At this operating point the quantum efficiency of the 
device is 90% and the dark current 1$ 1 nA. 

Determine the number of i^tons per second of wavelength 0.82 pm 
required in order to register a light input to the device corresponding to an 
output current (afier avalanche gain) which is greater than the level of the dark 
current (i.e. I > 1 nA). 

6.16 An InGaAsP hcterojunction pbototransislor has a common emitter current 
gain of 170 when operating at a wavelength of U3 pm with an incident optical 
power of 80 pW. The base collector quantum efficiency at this wavelength is 
65%. Estimate the collector current in the device. 

Answers to Numerical Problems 


S.2 

(a) 33%; (b) 24.8 x IQ-™ J; 

8.10 

50%, 15.9 nA 


(c) 21.3 nW 

8.12 

24.1 

8.4 

1,24 

8.13 

77.8 nW, 

8.6 

(a) 0,36; (b) 2.78 nW; 


3.33 X 10^^ photons s‘‘ 

, 

(c) 1.26 X 10*^ photons s"‘ 

8.14 

(a) 1.55 pm; (b) 1.6 pA; 

8.8 

0.72 A W 


(c) 28.8 pA 

8.7 

0.3 |im, 1.09 |im, 1.53 tun, 

8.16 

6.94 X 10^ photons s"^ 

«.• 

1.85 iim 

:Bo.fOie,tAiM«ro.M 

8,16 

9.3 mA 
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Receiver Noise Considerations 


9.1 INTRODUCTION 

The receiver in an optical fiber communication system essentially consists of 
the photodetector plus an amplifier with possibly additional signal processing 
circuits. Therefore the receiver initially converts the optical signal incident on 
the detector into an electrical signal, which is then amplified before further 
processing to extract the information originally carried by the optical signal. 

The importance of the detector in the overall system performance was 
stressed in Chapter 8. However, it is necessary to consider the properties of 
this device in the context of the associated circuitry combined in the receiver. It 
is essential that the detector performs efficiently with the following amplifying 
and signal processing circuits. Inherent to this process is the separation of the 
information originally contained in the optical signal from the noise generated 
within the rest of the system and in the receiver itself, as well as any limitations 
on the detector response imposed by the associated circuits. These factors play 
a crucial role in determining the pwrformance of the system. 

In order to consider receiver design it is useful to regard the limit on the 
performance of the system set by the signal to noise ratio (SNR) at the 
receiver. It is therefore necessary to outline noise sources within optical fiber 
systems. The noise in these systems has different origins from that of copper- 
based systems. Both types of system have thermal noise generated in the 
receiver. However, although optical fiber systems exhibit little crosstalk the 
noise generated within the detector must be considered, as weU as the noise 
properties associated with the electromagnetic carrier. 

In Section 9.2 we therefore brirfly review the major noise mechanisms 
which are present in optical fiber communication receivers prior to more 
detailed discussion of the limitations imposed by photon (or quantum) noise in 
both digital and analog transmission. Thk is followed in Section 9.3 with a 
more specific discussion of the noise associated with the two major receiver 
types (i.e. employing p-i-n and avalanche photodiode detectors). Expressions 
for the SNRs of these two receiver types are also developed in this section. 
Section 9,4 considers the noise and bandwidth performance of common pre¬ 
amplifier structures utilized in the design of optical fiber receivers. Finally in 
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Section 9.5 we present a brief account of low noise field effect transistor (FET) 
preamplifiers which find wide use within optical fiber communication receivers. 
This discussion also includes consideration of p-i-n photodiode/FET (PIN- 
FET) hybrid receiver circuits yMch have been developed for optical fiber com¬ 
munications. 


9.2 NOISE 

Noise is a term generally used to refer to any spurious or undesired distur¬ 
bances that mask the received signal in a communication system. In optical 
fiber communication systems we arc generally concerned with noise due to 
spontaneous fluctuations rather than erratic disturbances which may be a 
feature of copper-based systems (due to electromagnetic interference* etc.). 

There are three main types of noise due to spontaneous fluctuations in 
optical fiber communication systems: therm^ noise, dark current noise and 
quantum noise. 

9.2.1 Thermal Noiaa 

This is the spontaneous fluctuation due to thermal interaction between, say, 
the free electrons and the vibrating ions in a conducting medium* and it is 
especially prevalent in resistors at room tmperature. 

The thermal noise current 4 in a resistor R may be expressed by its mean 
square value (Ref. 1] and is given by: 




4KTB 

R 


(9.1) 


where K is Boltzmann’s constant, T is the absolute temperature and B is the 
post-detection (electrical) bandwidth of the system (assuming the resistor is in 
the optical receiver). 


9.2.2 Dark Current Noise 

When there is no optical power incident on the photodetector a small reverse 
le^age current still flows from the device terminals. Thus dark current (see 
Section 8.4.2) contributes to the total system noise and gives random fluctua¬ 
tions about the average particle flow of the photocurrent. It therefore manifest 
itself as shot noise [Ref. II on the photocurrent. Thus the dark current noise 
is given by: 

§ = (9.2) 

where « it the ehl^ oa an electron end /. is the dark current. It may be 
reduced by canM daiiw lad hbrlcction of the detector. 
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9,2.3 Quantum Noiaa 

The quantum nature of light was discussed in Section 6.2.1 and the equation 
for the energy of this quantum or photon stated as E= tif. The quantum 
behavior of electromagnetic radiation must be taken into account at optical 
frequencies since f{f>KT and quantum fluctuations dominate over the;mal 
fluctuations. 

The detection of light by a photodiode is a discrete process since the crea> 
tion of an electron-hole pair results from the absorption of a photon, and the 
signal emerging from the detector is dictated by the statistics of photon 
arrivals. Hence the statistics for monochromatic coherent radiation arriving at 
a detector foUows a discrete probability distribution which is independent of 
the number of photons previously detected. 

It is found that the probability P(z) of delecting z photons in time period t 
when it is expected on average to detect photons obeys the Poisson distribu¬ 
tion [Ref. 23: 




2 ‘„exp(-z„) 

zl 


(9.3) 


where is equal to the variance of the probability distribution. This equality 
of the mean and the variance is typical of the Poisson distribution. From Eq. 
(8.7) the electron rate r, generated by incident photons is r, = t|Po /f\f. The 
number of electrons generated in time t is equal to the average number of 
photons detected over this time period z„. Therefore: 


X 

A/ 


(9.4) 


The Poisson distributions for ss 10 and z^i ^ illustrated in 

Fig. 9.1 and represent the detection process for monochromatic coherent light. 

Incoherent light is emitted by independent atoms and therefore there is no 
phase relationship between the emitted photons. This property dictates an 



Pig. 8.1 Poisson distributions fof end z^ » 1000. 
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Fig. 9.2 Probability distributions indicating the statistical fluctuations of incoherent light 
for 7m = 10 and 7m * 1000 . 


exponential intensity distribution for incoherent light which if averaged over 
the Poisson distribution [Ref. 2] gives: 


Piz)^ 


4 




(9.5) 


Equation (9.3) is identical to the Bose-Einstein distribution [Ref. 3] which is 
used to describe the random statistics of light emitted in black body radiation 
(thermal light). The statistical fluctuations for incoherent light are illustrated by 
the probability distributions shown in Fig. 9.2. 


9.2.4 Digital Signalling Quantum Nolae 

For digital optical fiber systems it is possible to calculate a fundamental lower 
limit to the energy a pulse of light must contain in order to be detected with a 
given probability of error. The premise on which this analysis is based is that 
the ideal receiver has a sufficiently low amplifier noise to detect the displace¬ 
ment current of a single dectron-hole pair generated within the detector (i.c. 
an individual photon may be detected). Thus in the absence of light, and 
neglecting dark current, no current will flow. Therefore the only way an error 
can occur is if a light pulse is preset and no electron-hole pairs are generated. 
The probability of no pairs being generated when a light pulse is present may 
be obtained from Eq. (9.3) and is given by: 

W/l) = exp (-z„) (9.6) 

Thus in the receiver described i^O/l) represaits the system error probability 
P{fs) and therefore: 

Pifi) - exp (nj (9.7) 

Howfvtr, it nMkH In lotld tta« the above analysis aiiumes that the 





356 


OPTICAL FIBER COMMUNICATIONS: PRINCIPLES AND PRACTICE 


photodetector emits no electron-^iole pairs in the absence of illumination. In 
this sense it is considered perfect Equation (9.7) therefore represents an 
absolute receiver sensitivity and allows die determination of a fundamental 
limit in digital optical communications. This is the minimum pulse energy 
required to maintain a given bit error rate (BER) which any practical receiver 
must satisfy and is known as the quantum limit. 


Example 9.1 

A digital optical Tiber communication system operating at a wavelength of 1 pm 
requires a maximum bit error rate of 10"^. Determine: 

{a) the theoretical quantum limit at the receiver in terms of the quantum efficiency 
of the detector and the energy of an incident photon; 

(b) the minimum incident optical power required at the detector in order to achieve 
the above bit error rate when the system is employing ideal binary signalling at 
10 Mbitss"^, and assuming the detector is ideal. 

Soluthn. (a) From Eq. (9.7) the probability of error 

exp (-/„) = 10-® 

and thus = 20.7. 

corresponds to an average number of photons detected InaTimeperlodtfor 
a BER of lO’®. 

Prom Eq. (9.4): 



Hence the minimum pulse energy or quantum limit 

20.7/1/ 

A 

Thus the quantum limit at the receiver to maintain a maximum BER of 10‘® Is 

20.7 hf 


11 

(b) From part (a) the minimum pulse energy: 

20.7 W 
- 

n 

Therefore the average received optical power required to provide the minimum 
pulse energy is: 


20.7 hf 
Po= - 


However for ideal binary signalling there ere an equal number of ones ar>d zeroa 
(50% in the on state and b0% in the off state). Thus the average received optical 
power may be considered to arrive over two bit periods, and 
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P. (binary) s 


20.7 hf 20.7 h/B^ 


2 fn 




where Bj is the bit rate. At a wavelength of 1 2.99B x 10^^ Hz, and assum« 

ing an ideal detector, 1. 

Hence 


(binary) = 


20.7 X 6.626 x 1(r" x 2.998 x 10^^ x 10’ 


20.6 pW 


In decibels (dB) 


Pf, in dB=s 10 logiQ 


where Pf fs a reference power level. 

When the reference power level i$ one watt: 

Ap * 10 logio Pc where P^ 1$ expressed In watts 
= 10 109,0 2.06 X 10’” 

* 3.t4 -no 
» -106.9 dew 

Whan the reference power level is one milliwatt 

Pc - 10 109,0 2.06 X 10“® 

* 3-14 - 80 

* -76-9 dBm 

Therefore the mlrymum incident optical power required at the receiver to achieve an 
error rate of 1 CT^ with ideal binary sionalling is 20.6 pW or -76.9 dBm. 


The result of example 9.1 is a iheoredcaJ limit and in practice receivers are 
generally found to be at least 10 dB less sensitive. 


9,2.5 Analog Tranamiaaion Quantum Npiae 

In analog optical fiber systems quantum noise manifests itself as shot noise 
which also has Poisson statistics [Ref. 1], Tht shot noise current i on the 

b 

photocurrent /p is given by, 

n = 2eB/p (9.8) 

Neglecting other sources of noise the SNR at the receiver may be written as: 


s 4 
N 7 


(9.9) 
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Substituting for ^ from Eq. (9.8) gives 

N 2eB 


(9.10) 


The expression for the photocurreat given in Eq. (8.8) allows the SNR to be 
obtained in terms of the incident optical power P^, 


S ^ r\P^e ^ T\P^ 
N ” /ffleB ” VifB 


(9.11) 


Equation (9.11) allows calculation of the incident optical power required at the 
receiver in order to obtain a specified SNR when considering quantum noise in 
analog optical fiber systems. 


Example 9.2 

An analog optical fiber system operating at a waveiengih of 1 has a poet detec* 
tion bandwidth of 5 MHz. Assuming an ideal detector and considering only quantum 
noise on the signal calculate the incideni optical power necessary to achieve an 
SNR of 50 dS at the receiver. 

Solution: Prom Eq. (9.11). the SNR is 

S V>o 

N 


Hence 



For S/N ^ 50dB. when considering signal ar>d noise powers: 

S 

10k)gio'jjj*=50 


and therefore S/N* 10® 

At 1 jxm. /s 2.998 x Hz. For an ideal detector t| * 1 and. thus the incident 
optical power: 


10® X 2 X 6.626 X 10^ x 2.998 x 10^^ x 5 x 10® 



= 198.6 nW 



- " _ 
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In dBm 

Pf, = 10 logio 198-6 X 10“® 

= -40 + 2.98 
= -37.0 dBm 

Therefore the incident optical power required to achieve an SNR of 50 dB at the 
receiver is 198.6 nW which is equivalent to -37.0 dBm. 


In practice receivers are less sensitive than example 9.2 suggests and thus in 
terms of the absolute optical power requirements analog transmission com¬ 
pares unfavorably with digital signalling. 

However, it should be noted that there is a substantial difference in informa¬ 
tion transmission capacity between the digital and analog cases (over similar 
band widths) considered in examples 9.1 and 9.2. For example a iOMbits~‘ 
digital optical fiber communication system would provide only about 150 
speech channels using standard ba$d>and digital transmission techniques (see 
Section lO.S). In contrast a S MHz analog system, again operating in the 
baseband, could provide as many as 1250 similar bandwidth (&3.4kHz) 
speech channels. A comparison of signal to quantum noise ratios between the 
two transmission methods taking account of this information capacity aspect 
yields less disparity although digital signalling still proves far superior. For 
instance, applying the figures quoted above within examples 9.1 and 9.2, in 
order to compare two systems capable of transmitting the same number of 
speech channels (e.g. digital bandwidth of 10Mbits'^ and analog bandwidth 
of 600 kHz) gives a difference in absolute sensitivity in favor of digital 
transmission of approximately 31 dB. This indicates a reduction of around 
9 dB on the 40 dB difference obtained by simply comparing the results over 
similar bandwidths. Nevertheless, it is clear that digital signalling techniques 
still provide a significant benefit in relation to quantum noise when employed 
within optical fiber communications. 

9.3 RECEIVER NOISE 

In order to investigate the optical receiver in greater detail it is necessary to 
consider the relative importance mid interplay of the various types of noise 
mentioned in the previous section. This is dependent on both the method of 
demodulation and the type of device used for detection. 

The conditions for coherent detection are not usually met in current optical 
fiber systems for the reasons outlined in Section 7.S. Thus heterodyne detec¬ 
tion, which is very sensitive and provides excellent rejection of adjacent chan¬ 
nels, is not used, as the optical signal arrivmg at the receiver tends to be 
Incoherent. In practice all currently instiled optical fiber communication 
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Fig. 9.3 Block scKemalic of the front end of an optical receiver showing the various 
sources of noise. 


systems use incoherent or direct detection in which the variation of the optical 
power level is monitored and no information is carried in the phase or fre¬ 
quency content of the signal. Therefore the noise considerations in this section 
are based on a receiver employing direct detection of the modulated optical 
carrier which gives the same signal to noise ratio as an unmodulated optica] 
carrier. 

Figure 9.3 shows a block schematic of the front end of an optical receiver 
and the various noise sources associated with it. The majority of the noise 
sources shown apply to both main types of optical detector {p-i-n and 
avalanche photodiode). The noise generated from background radiation, which 
is important in atmospheric propagation and some copper-based systems, is 
negligible in both types of optical fiber receiver, and thus is often ignored. Also 
the beat noise generated from the various spectral components of the 
incoherent optical carrier can be shown to be insignificant IRef. 4] with multi¬ 
mode propagation and hence wiU not be considered. It is necessary^ however, 
to take into account the other sources of noise shown in Fig. 9.3. 

The avalanche photodiode receiver is the most complex case as it includes 
noise resulting from the random nature of the internal gain mechanism (dotted 
in Fig. 9.3). It is therefore useful to consider noise in optical fiber receivers 
employing photodiodes without internal gain, before avalanche photodiode 
receivers are discussed. 


9.3.1 p-n and p-i-n Photodiode Receiver 

The two main sources of noise in photodiodes without internal gain are dark 
current noise and quantum noise, both of which may be regarded as shot noise 
on the photocurrent (i.e. effectively consider analog quantum noise). When the 
expressions for these _noise sources given in Eqs. (9.2) and (9.4) are combined 
the total shot noise ij^ is given by: 

^ = 2eB(I, + li) 


(9,12) 
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If it is necessary to take the noise due to the background radiation into 
account then the expression given in Eq. (9.12) may be expanded to include the 
background radiation induced photocurrent giving 


/is - 2eB(/, + /, + L) 


(9.13) 


However, as is usually negligible the expression given in Eq. (9.12) will be 
used in the further analysis. 

When the photodiode is without internal avalanche gain, thermal noise from 
the detector load resistor and from active elements in the amplifier tends to 
dominate. This is especially the case for wideband systems operating in the 
0.8-0.9 pm wavelength band because the dark currents in well-designed silicon 
photodiodes can be made very small. The thermal noise ^ due to the load 
resistance may be obtained from Eq. (9.1) and is given by: 




4KTB 

Ri 


(9.14) 


The dominating effect of this thermal noise over the shot noise in photodiodes 
without internal gain may be observed in example 9.3. 


Example 

A silicon p-i-n photo diode incorporated into an optical receiver has a quantum 
efficiency of when operating at a wavelength of 0.9 pm. The dark current In the 
device at this operating point is 3nA and the load resistance is 4 kO. 

The Incident optical power at this waveiertgih i$ 200 nW and the post detection 
bandwidth of the receiver is $ MHi. Compare the shot noise generated In the 
photodiode with the thermal noise in the load resistor at a temperature of 20 ^C. 
So/ut/on: From Eq. (8.8) the photocurrent 1$ given by: 


/p= 




M 


he 


Therefore 


/p * 0.6 X 200 X 1Cr® X 1.602 x 10’*® x 0.9 x 

6.626 X 10“^^ X 2.998 x 10® 

= 87.1 r>A 

From Eq. (9.12) the total shot noise is: 

4s = 2efl(4 + /p) 

= 2 X 1.602 X 10"’® X 5 X 10® [(3 + 87.1) k 10"® 
= 1.44 X 10"'® 

and the root mean square (rme) shot noise current Is 

(4^1* » 3.79 X 10"'° A 
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The thermal noise in the load resistor is given by Eq. (9.14): 



4f<TB 


4 X 1.381 X x 293 x 6 x 10® 

4x 10^ 


= 2.02 X 10“’^ 


(r=20«C=»^293 K) 

Therefore the rms thermal noise current is 

(^)i = 4.49 X 10'® A 

In this example the rms thermal noise current is a factor of 12 greater than the 
total rms shot noise current. 


Example 9,3 does not include the noise sources within the amplifier, shown 
in Fig. 9.3. These noise sources^ associated with both the active and passive 
elements of the amplifier, can be reprinted by a series voltage noise source 

and a shunt current noise source _ 

Thus the total noise associated with the amplifier is given by: 

( 9 . 15 ) 

where Y is the shunt admittance (combines the shunt capacitances and 
resistances) and/is the frequency. An equivalent circuit for the front end of 
the receiver, including the effective input capacitance and resistance of 
the amplifier is shown in Fig. 9.4. The capacitance of the detector Q is also 
shown and the noise resulting from Q is usually included in the expression for 
given in Eq. (9.15). 

The SNR for the p-n or p-i-n photodiode receiver may be obtained by 
summing the noise contributions from Eqs. (9.12), (9.14) and (9.15). It is given 
by: 




Rg. 9.4 The equivalent circuit for the front end of an optical fiber receiver. 
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S 

N 


4 


41^ rs 

2eB(/p + /d) + — + iinp 


(9,16) 




R, 


The thermal noise contribution may be reduced by increasing the value of 
the load resistor ^l^bough this reduction may be limited by bandwidth con- 
siderations which are discussed later. Also the noise associated with the 
amplifier may be reduced with low detector and amplifier capacitance. 

However, when the noise associated with the amplifier is referred to the 
load resistor J? I , the noise figure |Ref. I] for the amplifier may be obtained. 
This allows to be combined with the thermal noise from the load resistor^ 
to give: 


73 ^ 

h ^ ~ 




(9.17) 


The expression for the SNR given in Eq. (9.16) can now be written in the 
form: 

S P 

_ -1£-- (9.18) 

N 4KTBF. 




Thus if the noise figure for the amplifier is known, Eq. (9.18) allows the 
SNR to be determined. 


Eumpt« 9.4 

The receiver \rt example 9.3 has an amplifier with a noise ficure of 3 dB. Determine 
the SNR at the output of the receiver under the same cof^itions as example 9,3. 
Solution. From example 9,3: 


/p « 87.1 X 10 


d 


4g = 1.44 X 10"’® 
? = 2.02 X 10*” 


The amplifier noise figure 


F = 3 dB 


n 


= 10 log,o 2 


Thus may be conetdered as x2. 

In Eq. (9.18) the SNR is given by: 


S 

N 






n 


2e«/p +/d) 
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'fs + X fn) 

<87.1 X 10 

11.44 X 10"^®) + <2.02 X 10'^^ X 2) 

« 1.87 X 10^ 

SNR In dB is 10 log,Q 1.87 x 10^ » 22.72 dB. 

Alternatively it is possible to conduct the calculation in dB If we neglect the 
shat noise (say s 0) 

In dB: 

/p * 9.40 - 80 « -70.60 

Hence 

= -141.20 dB 
end 

if = 3.05 - 170 = -166.95 dB. 

The arnpllfier noise figure « 3 dB- 
Therefore the 


SNR * -141.20 + 166 95 - 3 
» 22.75 dB 

A slight difference in the final answer may be noted. This is due to the neglected 
shot noise term. 


A quantity which is often used in the speciricaUon of optical detectors (or 
detector-amplifier combinations) is the noise equivalent power (NEP). It is 
defined as the amount of incident optical power P„ per unit bandwidth 
required to produce an output power equal to the detector (or detector- 
amplifier combination) output noise power. The NEP is therefore the value of 
which gives an output SNR of unity. Thus the lower the NEP for a particu¬ 
lar detector (or detector-amplifier combination), the less optical power is 
needed to obtain a particular SNR. 

9.3.2 Receiver Capecitence 

Considering the equivalent circuit shown in Fig. 9.4, the total capacitance for 
the front end of an optical receiver Cj is given by; 

Cj = + C, (9.19) 

where is the detector capacitance and C, is the amplifier input capacitance. 
It is important that this total capacitance is minimized not only from the noise 
considerations discussed previously but also from the bandwidth penalty 
which is incurred due to the lime constant of Ct and the load resistance 
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We assume here that Ri is the total loading on the detector and therefore have 
neglected the amplifier input resistance R^. However, in practical receiver con¬ 
figurations may have to be taken into account (sec Section 9.4.1). The 
reciprocal of the time constant InRi^Cj must be greater than, or equal to, the 
post detection bandwidth B; 


I 






(9.20) 


When the equality exists in Eq. (9.20) it deflnes the maximum possible value of 
B for the straightforward termination indicated in Fig. 9.4. 

Assuming that the total capacitance may be minimized, then the other 
parameter which affects B is the load resistance To increase B it is 
necessary to reduce However, this introduces a thermal noise penalty as 
may be seen from Eq. (9.14) where both the increase in B and decrease in 
contribute to an increase in the thermal noise. A trade-off therefore exists 
between the maximum bandwidth and the level of thermal noise which may be 
tolerated. This is espeicatiy important in receivers which are dominated by 
thermal noise. 


example 9.5 

A photodiode has e cepaoirance of 6pF. Cdicuiata ihe maximum load resistance 
which allows an d post dataction bandwidth. 

Datarmlna tha bandwidth panaitv with ihe same load resistance when the follow¬ 
ing amplifier also has an input capadiance of 6 pE. 

So/ut/on: From Eq. 19.20) the maximum bandwidth is given by; 


1 


8 ^ 


2nft^Ca 


Therefore the maximum load resistance 


1 




1 


2nC^B 2x6 x 10"’^ x 8 x 10® 


3-32 Wl 

Thus for an 8 MHz bandwidth the maximum load resistance is 3.32 kQ. 
Also, considaring the amplifper capacitance, the maximum bandwidth 


t 


B- 


2nBitCti +C,) 2kx 3.32X 10^ x 12 x 10"^^ 


» 4 MHa 

Aa svould be expactad the maximum poet detection bandwidth is halved. 
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9.3.3 Avalanche Photodiode (APD) Receiver 

The internal gain mechanism in an APD increases the signal current into the 
amplifier and so improves the SNR because the load resistance and amplifier 
noise remain unaffected (i.e. the thermal noise and amplifier noise figure are 
unchanged). Howev», the dark current and quantum noise are increased by 
the multiplication process and may become a limiting factor. This is because 
the random gain mechanism introduces excess noise into the receiver in terms 
of increased shot noise above the level that would result from amplifying only 
the primary shot noise. Thus if the photocurrent is increased by a factor M 
(mean avalanche multiplication factor), then the shot noise is also increased by 
an excess noise factor A/*, such that the total shot noise is now given by: 

(9.21) 

where x is between 0.3 and 0.5 for silicon APDs and between 0.7 and 1.0 for 
germanium or III-V alloy APDs. 

Equation (9.21) is often used as the total shot noise term in order to 
compute the SNR, although there is a small amount of shot noise current 
which is not multiplied through impact ionixation. The shot noise current in the 
detector which is not multiplied is a device parameter and may be considered 
as an extra shot noise term. However it tends to be insignificant in comparison 
with the multiplied shot noise and is therefore neglected in the further analysis 
(i.e. all shot noise is assumed to be multiplied). 

The SNR for the avalanche photodiode may be obtained by summing the 
combined noise contribution from the load resistor and the amplifier given in 
Eq. (9.17), which remains unchanged, with the modified noise term given in 
Eq. (9.21). Hence the SNR for the APD is: 


S 

N 




2eB(J„ + + 


4KTBF. 


(9.22) 


It is apparent from Eq. (9.22) that the relative significance of the combined 
thermal and amplifier noise term is reduced due to the avalanche multiplication 
of the shot noise term. When Eq. (9.22) is written in the form: 


S 

N 


n 


2eB{L + 


AKTBF. 


n 




M 


-1 


(9.23) 


it may be seen that the first term in the denominator increases with increasing 
M whereas the second term decreases. F<m* low M the combined thermal and 
amplifier noise term dominates and the total noise power is virtually unaffected 
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Fig. 9.5 The improvemerl in SNR as a function of avalanche multiplication factor M for 
different excess noise factors M’. Reproduced with permission from 
I Garrett, The Rad/d and Electron. Eng.. 51, p, 349, 1981. 


when the signal level is increased, giving an improved SNR. However, when M 
is large, the thermal and amplifier noise lerm becomes insignificant and the 
SNR decreases with increasing M at the rate of M'. An optimum value of the 
multiplication factor therefore exists which maximizes the SNR. It is 
given by: 


and therefore 


* l^)M^ 2 

i4KTBFjROM-4 ^ 


-- - - 

+ le) 


(9.24) 


(9.25) 


The variation in for both silicon and germanium APDs is illustrated in 
Fig. 9.5 iRef. 5]. This shows a plot of Eq. (9.22) with equal to unity and 
neglecting the dark current. For good silicon APDs where x is 0.3, the 
optimum multiplication factor covers a wide range. In the case illustrated in 
Fig. 9.5 Mop commences at about 40 where the prosible improvement in SNR 
above a photodiode without internal gain is in excess of 25 dB. However, for 
germanium and III-V alloy APDs where x may be equal to unity it can be 
seen that less SNR improvemoit is possible Oess than 19 dB). Moreover, the 
maximum is far sharper, occurring at a multiplication factor of about 12. Also 
it must be noted that Fig. 9.5 demcmstrates the variation of M^p with x for a 
specific case, and therefore only represents a general trend. It may be observed 
from Eq. (9.25) that M,, is dependent on a number of other variables apart 
ftom X. 
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Example 9.6 

A good silicon APD ix = 0.3) hase capacitance of 6 pF. negligible dark current and is 
operating with a Dost detection bandwidth of 50 MHz. When the pholocurrent 
before gain rs 10'" A and the temperature is 18 ®C: determine the maximum SNR 
improvement between and M = Mqp assuming all operating conditions are 

maintained. 

Sofut/on: Determine the maximum value of the load resistor from Eg. (9.20): 

1 1 

= --- 

2x X 5 X 10"*^ X 50 X 10® 
s 636.5 

When SNR is given by Eq. (9.22L 



N AHTB 


2^t +- 

where = 0 and * 1 
The shot noise is: 

2«5/b = 2 X 1.602 X 10''® x 60 x 10® x tO"^ 
= 1.602 X 10-'® A® 
and the thermal noise ie: 

^TB 4 X 1.381 X 10"^® X 291 X SO X 10® 
fft ” 636.6 

= 1.263 X 10''® A® 

it may be noted 'that the thermal noise is dominating. 

Therefore 


S 10"’* 

N 1.602 X 10"'® X 1.263 x 10"'® 

and the SNR in dBs is 


S 

— *= 10log,o 7.91 «=8.98dB 


Thus the SNR when /tf = l Is 9.0 dB 

When M = and x = 0.3, from Eq. (9.25); 


M 


2+x 

op 


AKT 

xeftt/c 


where /^ = 0 and = 1. Hence: 


,, 4x 1.381 X 10“®® X 291 

/Vf2'3 =_ 

0.3 X 1.602 X 10-'® X 636.6 X to-’ 
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= 15.255 X 10^)® *35 
= 41.54 

The SNR at may he obtained from Eq. 19.22): 


s 

N 4KTB 

2eBLM^-^ +- 

(41.54p X 1<r^* 

11.602 X IQr’® X <41.54)^^} + 1.263 x 10’^^ 
a 1.78 X 1o3 
end the SNR in d6s le 


— »lOl09io ^ 10^ *32.50dB 

N 


Therefore the SNR when M * i$ 32.5 d6 and the SNR improvement over 
/Vf * 1 Is 23.5 d6. 



Example 9<7 

A germanium APD {withx* 1) is incorporated into en optical fiber receiver with a 
10 kO load resistance. When operated at a temperature of 120K, the minimum 
photocurrent required to give a SNR of 35 dS at the output of the receiver is four>d 
to be a factor of 10 greater than the deric current If the noise figure of the following 
amplifier at this temperature is 1 dB and the post detection bandwidth is 10 MHz, 
determine the optimum avalanche multiplication factor. 

Solut/on'. From Eq. (9.22) withx*1 andAf^Af^p (i.e. minimum photocurrent 
specifies that M * ) the SNR is: 




2ee(/p+/d)Mi + 


4^ 


Also from Eq. (9.25) 


Therefore 






^ 1^0 * 




-V 
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Substituting into Eq. {9.22L this gives: 


J 


WTBF^ AKTBF^ 


and as =0.1 /p the SNR is 




1 2KTBf. 


Therefore the minimum photocurrent /«: 


1 2KTBPf, 


" \n/ / 4KTF, \ 

\ l.lefli / 


where the SNR 1$ 


— *36<18 = 3.16 X 10^ 

N 

end as ^ which is eourvaleni to 1 . 26 : 

MKTBFn 12 X 1.381 x 10"^^ x 120 x 10’ x 1,26 


= 2.51 X 10‘” 


Also 


I^KTF„ /4x 1.381 

\l.1eflL ' \ 1.1 X 1. 


X 10"^^ X 120 X 


602 X 10"*^ X 10 


1.26 \ 
~ / 


« 2.82 X ICr^ 


Therefore 


/p = 


3.16 X 10^ X 2.51 X 10”” \^* 


2.82 X 10' 


= 6.87 X 10“® A 

To obtain the optimum avalanche rnultiplication factor we substitute back Into Eq. 
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(9.25), where: 


Wop = 


- I—111 

\ 1.602 X 1 


.381 X 10“^® X 


Cr’® X 10^ X 


X 120 X 1.26 \ 

1.1 X 6.87 X 10"® / 


1/3 


» 8.84 


In example 9.7 the optimum muhiplication factor for the germanium APD is 
found to be approximately 9. It shows the dependence of the optimum mul¬ 
tiplication factor on the variables in Eq. (9.25)« and although the example does 
not necessarily represent a practical receiver (some practical germanium APD 
receivers are cooled to reduce dark curreniX the optimum multiplication factor 
is influenced by device and system parameters as well as operating conditions. 


9.3.4 Exceat Avalanche Noiaa Factor 

The value of the excess avalanche noise factor is dependent upon the detector 
material, the shape of the electric field profile within the device and whether the 
avalanche is initiated by holes or electrons. It is often represented as F{M) and 
we have considered in the previous section one of the approximations for the 
excess noise factor* where: 


FiM) = 


(9.26) 


and the resulting noise is assumed to be white with a Gaussian distribution. 
However, a second and more exact relationship is given by [Ref 6]: 




(9.27) 


where the only carriers are injected electrons and k is the ratio of the ionization 
coefficients of holes and electrons. If the only carriers are injected holes: 


(i^) (^)] 


(9.28) 


The best performance is achieved when k is small, and for silicon APD$ k is 
between 0.02 and 0.10, whereas for germanium and III-V aUoy APDs k is 
between 0.3 and 1.0. 

With electron injection in silicon photodiodes, the smaller values of k 
obtained correspond to a larger ionization rate for the electrons than for the 
holes. As k departs from unity, only the carrier with the larger ionization rate 
contributes to the impact ionization and the excess avalanche noise factor is 
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reduced. When the impact ionizaticm is initiated by electrons this corresponds 
to fewer ionizing collisions involving the hole current which is flowing in the 
opposite direction (i.e. less feedback). In this case the amplified signal contains 
less excess noise. The carrier ionization rates in germanium photodiodes are 
often nearly equal and hence k approaches unity, giving a high level of excess 
noise. 

9.4 RECEIVER STRUCTURES 

A full equivalent circuit for the digital optical fiber receiver, in which the 
optical detector is represented as a current source 4=. , is shown in Fig. 9.6. The 
noise sources (i^, fjs Kmp) immediately following amplifier and 

equalizer are also shown. Equalization [Ref. 7] compensates for distortion of 
the signal due to the combined transmitter, medium and receiver character¬ 
istics. The equalizer is often a frequency shaping filter which has a frequency 
response that is the inverse of the overall system frequency response. In 
wideband systems this will normally boost the high frequency components to 
correct the overall amplitude of the frequency response. To acquire the desired 
spectral shape for digital systems (e.g. raised cc^ine, see Fig. 10.37), in order to 
minimize intersymbol interference, it is important that the phase frequency 
response of the system is linear. Thus the equalizer may also apply selective 
phase shifts to particular frequency components. 

However, the receiver structure immediately preceding the equalizer is the 
major concern of this section. In both digital and analog systems it i$ 
important to minimize the noise contributions from the sources shown in 
Fig. 9.6 so as to maximize the receiver sensitivity whilst maintaining a suitable 
bandwidth. It is therefore useful to discuss various possible receiver structures 
with regard to these factors. 

9.4.1 Low Impedanco Front Ef>d 

Three basic amplifier configurations are frequently used in optical fiber com¬ 
munication receivers. The simpl^t, and perhaps the most common, is the 
voltage amplifier with an effective input resistance as shown in Fig. 9.7. 

In order to make suitable design choices, it is necessary to consider both 
bandwidth and noise. The bandwidth considerations in Section 9.3.2 are 


litetectui* and biw Amplifier 



FI 9 .9.6 A full equivalent circuit for a digital optlcel fiber receiver including the varloue 
noiee sources. 
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Detector ind biai Voltigc am plifigr 


Fig. 9.7 Low impedartce front end optical fiber receiver with voltage amplifier. 

treated solely with regard to a detector toad resistance Ri_. However, in most 
practical receivers the detector is toaded with a bias resistor and an 
amplifier (see Fig. 9.7). The bandwidth is determined by the passive impedance 
which appears across the detector terminals which is taken as /Jl the 
bandwidth relationship given in Eq. (9.20). 

However, may be modified to incorporate the parallel resistance of the 
detector bias resistor and the ampUrier input resistance R,. The modified 
total load resistance is therefore given by: 

Considering the expressions given in Eqs. (9.20) and (9.29), to achieve an 
optimum bandwidth both R^, and R, must be minimized. This leads to a low 
impedance front end design for the receiver amplifier. Unfortunately this 
design allows thermal noise to dominate within the receiver (following Eq. 
(9.14)), which may severely limit its sensitivity. Therefore this structure 
demands a irade-ofT between bandwidth and sensitivity which tends to make it 
impractical for long-haul, wideband optical fiber communication systems. 

9.4.2 High Impedance (Integrating) Front End 

The second configuration consists of a high input impedance amplifier together 
with a large detector bias resistor in order to reduce the effect of thermal noise. 
However, this structure tends to give a degraded frequency response as the 
bandwidth relationship given in Eq. (9.20) is not maintained for wideband 
operation. The detector output is effectively integrated over a large time con¬ 
stant and must be restored by differentiation. This may be performed by the 
correct equalization at a later stage iRef. 8] as illustrated in Fig. 9.8. Therefore 



Dvtcetor uA Un inpac Unpe4dTKe 

vditv mnfliner 


n|.tJ litah ImpadinM InugfSting front and optical fiber receiver with equellzed 
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the high impedance (integrating) front end structure gives a significant 
improvement in sensitivity over the low impedance front end design, but it 
creates a heavy demand for equalization and has problems of limited dynamic 
range (the ratio of maximum to minimum input signals). 

The limitations on dynamic range result from the attenuation of the low fre¬ 
quency signal components by the equalization process which causes the 
amplifier to saturate at high signal levels. When the amplifier saturates before 
equalization has occurred the signal is heavily distorted. Thus the reduction in 
dynamic range is dependant upon the amount of integration and subsequent 
equalization employed. 


9.4.3 The Tran aim pede nee Front End 

This configuration largely overcomes the drawbacks of the high impedance 
front end by utilizing a low noise, high input impedance amplifier with negative 
feedback. The device therefore operates as a current mode amplifier where the 
high input impedance is reduced by negative feedback. An equivalent circuit 
for an optical fiber receiver incorporating a transimpedance front end structure 
is shown in Fig. 9.9. In this equivalent circuit the parallel resistances and 
capacitances are combined into respectively. The open loop 

current to voltage transfer function HoiM for this iransimpedance configura¬ 
tion corresponds to the transfer function for the two structures described pre¬ 
viously which do not employ feedback (i.e. the low and high impedance front 
ends). It may be written as: 


1 




ill 


I 


= -G 


^n. . 
j<s>Cf 


-GR 


TL 


VA-' (9.30) 


dn 


^TL + 


1 1 ^ j{i3R'^^Ci 







Fig. 9.9 An equivalent circuit for the optical fiber receiver Incorporating • trans- 
impedance (current model preampliner. 
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where C is the open loop voltage gain of the amplifier and (o is the angular fre¬ 
quency of the input signal. 

In this case the bandwidth (without equalization) is constrained by the time 
constant given in Eq. (9.20).* 

When the feedback is applied, the closed loop current to voltage transfer 
function Iransimpedance configuration is given by (see 

Appendix E), 


O' 


-R. 


I +C/ciRjCt/G) 


V A 


(9.31) 


where Rf is the value of the feedback resistor. In this case the permitted 
electrical bandwidth B (without equalization) may be written as: 




2nRtCr 


(9.32) 


Hence, comparing Eq. (9.32) with Eq. (9.20) it may be noted that the 
transimpedance (or feedback) amplifier provides a much greater bandwidth 
than do the amplifiers without feedback. This is particularly pronounced when 
G is large. 

Moreover, it is interesting to consider the thermal noise generated by the 
transimpedance front end. Using a referred impedance noise analysis it can be 
shown [Ref. 12| that to a good approximation the feedback resistance (or 
impedance) may be referred to the amplifier input in order to establish the 
noise performance of the configuration. Thus when /?f < J?xl, the major noise 
contribution is from thermal noise generated in R^. The noise performance of 
this configuration U therefore improved when R^ is large, and it approaches the 
noise performance of the high impedance front end when R^ 
Unfortunately, the value of it, cannot be increased indefinitely due to problems 
of stability with the closed loop design. Furthermore it may be observed from 
Eq. (9.32) that increasing Rf reduces the bandwidth of the transimpedance 
configuration. This problem may be alleviated by making G as large as the 
stability of the closed loop will allow. Nevertheless it is clear that the noise in 
the transimpedance amplifier will always exceeed that incurred by the high 
impedance front end structure. 


Example 9.8 

A high Input Impedance amplifier which is employed in an optica! fiber receiver has 
an affactlva input realatanca of 4 MO which 1$ matched to a detector bias resistor of 
the tame value. Determine: 

(a) The maximum bandwidth that may be obtained without equalization if the total 

oapaoltanoa Cj la 6 pP. 


* Tha tkMMMliM nn b$ ebtainid dbectly (tom Eq. (9.30) where the maximum bandwidth 

ti MM to 
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(b) The mean square thermal notse current per unit bandwidth generated by this 
high Input impedance ampirfier configuration when it is operating at a 
temperature of 300 K. 

(c) Compare the values calculated In (a) and (b) with those obtained when the high 

Input (mpedance amplifier is replaced by a transimpedance amplifier with a 
100 kO feedback resistor and an open loop gain of 400. It may be assumed that 
n, find that the total capacitance remains 6 pF. 

Solution-, (a) Using Eg. <9.29), the total effective load resistance: 



(4 X 10®)^ 

-S-*- = 2Mn 

8 X 10® 


Hence from Eq. (9.20) the maximum bandwidth Is given by: 

1 1 

_ 

2«ffTL^T 2itx 2 X 10® X6 X 10"'^ 

» 1.33 X 10** Hz 

The maximum bandwidth that may be obtained without equalization is 13.3 kHz. 

(b) The mean square thermal noise current per unit bandwidth for the high 
impedance configuration following Eg. (9.14) is: 

^ ^ 4Arr 4 X 1.381 X 10"^^ X 300 
’ % 2x10® 

* 8.29 X 10"^’ Hz'^ 

(c) The maximum bandwidth (without equalization) for the tranelmpedance con¬ 
figuration may be obtained using Eq. (9.32). where 


0 400 

8*-*-- 

2nx 10® x ex 10 
* 1.06 X 10® Hz 

Hence a bandwidth of 106 MHz is permitted by the translmpedarice design. 

Assuming ihe mean square thermal noise current per unit bandwidth 

for the transimpeddnce configuration is given by: 

— AKT 4 X 1.381 X 10‘^^ X 300 


10 ® 

= 1.66 X 10“^® Hz-^ 

The mean square thermal noise current In the transimpedance configuration is 
therefore a factor of 20 greater than that obtained with the high input Impedance 
configuration. 

The equivalent value In decibels of the ratio of these noise powers Is: 


noise power in the transimpedance configuratk^ 
noise power in the high Input Impedance configuration 


10 log IQ 20 


« 13 dB 
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Thus the transimpedance front in example 9.8 provides a far greater 
bandwidth without equalization than the high impedance front end. However, 
this advantage is somewhat offset by the 13 dB noise penalty incurred with the 
transimpedance amplifier over that of the high input impedance configuration. 
Nevertheless it is apparent, even from this simple analysis, that trans- 
impedance amplifiers may be (^timized for noise performance, although this is 
usuaUy obtained at the expense of bandwidth. This topic is pursued further in 
Ref. 13. However, wideband transimpedance designs generally give a sig¬ 
nificant improvement in noise performance over the low impedance front end 
structures using simple voltage amplifiers (see problem 9.18). Finally it must 
be emphasized that the approach adopted in example 9.8 is by no means 
rigorous and includes two important simplifications: firstly, that the thermal 
noise in the high impedance amplifier is assumed to be totally generated by the 
effective input resistance of the device; and secondly, that the thermal noise in 
the transimpedance configuration is assumed to be totally generated by the 
feedback resistor when it is referred to the amplifier input. Both these assump¬ 
tions are approximations, the accuracy of which is largely dependent on the 
parameters of the particular amplifier. For example, another factor which 
tends to reduce the bandwidth of the transimpedance amplifier is the stray 
capacitance Cf generally associated with the feedback resistor When Cf is 
taken into account the closed loop response of £q. (9.31) becomes: 


«cL(n) ^ 


-Rr 


I *Jii>Rr(Cx/G + Cf) 


(9.33) 


However, the effects of Cf may be cancelled by employing a suitable com¬ 
pensating network [Ref. 14]. 

The other major advantage which the transimpedance configuration has 
over the high impedance front end is a greater dynamic range. This improve¬ 
ment in dynamic range obtained using the transimpedance amplifier is a result 
of the different attenuation mechanism for the low frequency components of 
the signal. The attenuation is accomplished in the transimpedance amplifier 
through the negative feedback and therefore the low frequency components are 
amplified by the closed loop rather than the open loop gain of the device. 
Hence for a particular amplifier the improvement in dynamic range is 
approximately equal to the ratio of the open loop to the closed loop gains. 
The transimpedance structure therefore overcomes some of the problems 
encountered with the other configurations and is often preferred for use in 
wideband optical fiber communication receivers [Ref. IS]. 


9.B FBT PREAMPLIFIERS 

The loweit noiie amplifier device whi^ ii widely available is the silicon field 
efltet tranelitor (FBT). Unlike the bipolar traniletori the FET operates by eon- 
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Rg. 9.10 Grounded source FET configuration for the front end of an optical fiber receiver 
amplifier. 


trolling the current flow with an electric field produced by an applied voltage 
on the gate of the device (see Fig. 9.10) rather than with a base current. Thus 
the gate draws virtually no current, excqjt for leakage, giving the device an 
extremely high input impedance (can be greater than 10'^ ohms). This, 
coupled with its low noise and capacitance (no greater than a few picofarads), 
makes the silicon FET appear an ideal choice for the front end of the optical 
fiber receiver amplifier. However, the superior properties of the FET over the 
bipolar transistor are limited by its comparatively low transconductance g„ 
(no better than 5 millisiemens in comparison with at least 40 millisiemens for 
the bipolar). It can be shown (Ref. 13) that a figure of merit with regard to the 
noise performance of the FET amplifier is g„/Cj. Hence the advantage of 
high transconductance together with low total capacitance Cj is apparent. 
Moreover, as = c.j + C,, it should be noted that the figure of merit is 
optimized when C^ = C^. This requires FETs to be specifically matched to 
particular detectors, a procedure which device availability does not generally 
permit in current optical fiber receiver design. As indicated above, the gain of 
the FET is restricted. This is especially the case for silicon FETs at frequencies 
above 25 MHz where the current gain drops to values near unity as the 
transconductancc is fixed with a decreasing input impedance. Therefore at fre¬ 
quencies above 25 MHz, the bipolar transistor is a more useful amplifying 
device.* 

Figure 9.10 shows the grounded source FET configuration which increases 
the device input impedance especially if the amplifier bias resistor is large. 
A large bias resistor has the effect of reducing the thermal noise but it will also 
increase the low frequency impedance of die detector load which tends to 
integrate the signal (i.e. high impedance integrating front end). Thus compensa¬ 
tion through equalization at a later stage is generally required. 


• The figure of merit in relation to aoise perfofotBnce for the bipolar transistor amplifier may 
be shown IRef. 131 to be where is the common emitter current gain of the 

device. Hence the noise performance of the bip^ar amplifier may be optimlied in a similar 
manner to that of the FET amplifter, 
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9.5.1 Gallium Arsenide MESFETs 

Although silicon FETs have a limited useful bandwidth, much effort has been 
devoted to the development of high performance microwave FETs over the 
last decade. These FETs are fabricated from gallium arsenide and being 
Schottky barrier devices iRefs. 16—19] are called GaAs MESFETs. They 
overcome the major disadvantages of silicon FETs in that they will operate 
with both low noise and high gain ar microwave frequencies (GHz). Thus in 
optical fiber communication receiver design they present an alternative to 
bipolar transistors for wideband operation. These devices have therefore been 
incorporated into high performance receiver designs using both p~i-n and 
avalanche photodiode detectors IRefs. 21-321. However, there is, in particular, 
growing interest in hybrid integrated receiver circuits utilizing p-i-n 
photodiodes with GaAs MESFET amplifier front ends. 

9.5.2 PIN-FET Hybrids 

The p-i-ntfEl, or PIN-FET, hybrid receiver utilizes a high performance 
p-i-n photodiode followed by a low noise preamplifier often based on a GaAs 
MESFET, the whole of which is fabricated using thick film integrated circuit 
technology. This hybrid integration on a thick film substrate reduces the stray 
capacitance to negligible levels giving a total input capacitance which is very 
low (e.g. 0.4 pF). The MESFETs employed have a transconductance of 
approximately 15 millisiemens at the bandwidths required (e.g. 140 Mbits s"*)- 
Early work [Refs. 22 and 23) in theO.8-0.9 pm wavelength band utilizing a 
silicon p-i-n detector showed the PIN-FET hybrid receiver to have a 
sensitivity of-45,8 dBm for a 10-’ bit error rate which is only 4 dB worse than 
current silicon RAPD receivers (see Section 8.9.2). 

The work was subsequently extended into the longer wavelength band 
(1.1-1.6 pm) ■ifiii^ing lll-V alloy p-i-n photodiode detectors. An example of 
a PIN-FET hybrid high impedance (integrating) front end receiver for opera¬ 
tion at a wavelength of 1.3 pm using an InGa As p-i-n photodiode is shown in 
Fig. 9.11 [Refs. 24-27]. This design, used by British Telecom, consists of a 
preamplifier with a GaAs MESFET and microwave bipolar transistor cascode 
followed by an emitter follower output buffer. The cascode circuit is chosen to 
ensure sufficient gain is obtained from the first stage to give an overall gain of 
18 dB. As the high impedance front end effectively integrates the signal, the 
following digital equalizer is necessary. The pulse shaping and noise filtering 
circuits comprise two passive filter sections to ensure that the pulse waveform 
shape is optimized and the noise is minimized. Equalization for the integration 
(i.e. differentiation) is performed by moiutoring the change in the integrated 
waveform over one period with a subminiature coaxial delay line followed by a 
high speed low level comparator. The receiver is designed for use at a transmis¬ 
sion rate of 140 Mbit 8~‘ where its performance is found to be comparable 
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*\s V 



Fig. 9.11 PIN-FET hybrid high impedance integrating front end receiver [Refs, 24-27). 


to germanium and II[-V alloy APD receivers. For example, the receiver 
sensitivity at a bit error rate of !()■’ is -44.2 dBm. 

When compared with the APD receiver the PIN-FET hybrid has both cost 
and operationai advantages especially in the longer wavelength region. The 
low voltage operation (e.g. +15 and -15 V supply rails) coupled with good 
sensitivity and ease of fabrication makes the incorporation of this receiver into 
wideband optical fiber communication systems commercially attractive. A 
major drawback with the PIN-FET receiver is the possible lack of dynamic 
range. However, the configuration shown in Fig. 9.11 gave adequate dynamic 
range via a control circuit which maintained the mean voltage at the gate at 




XI- 



Fig. 9.12 PIN-FET hybrid trsnsimpedancs front ond receiver [Ref. 29l. 
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0 V by applying a negative voltage proportional to the mean photocurrent to 
the MESFET bias resistor. With a -15 V supply rail an optical dynamic range 
of some 20 dB was obtained. This was increased to 27 dB by reducing the 
value of the MESFET bias resistor from 10 to 2 Mfl which gave a slight noise 
penalty of 0.5 dB. These figures compare favorably with practical APD 
receivers. 

Transimpedance front end receivers have also been fabricated using the 
PIN-FET hybrid approach. An example of this type of circuit [Ref. 29] is 
shown in Fig. 9.12. The amplifier consists of a GaAs MESFET followed by 
two complementary bipolar microwave transistors. A silicon p-i-n photodiode 
was utilized with the amplifier and the receiver was designed to accept data at 
a rate of 274 Mbits . In this case the effective input capacitance of the 
receiver was 4.5 pF giving a saiaiivity around —35 dBm for a bit error rate of 
10 -^ 

These figures are somewhat worse than the high impedance front end 
design discussed previously. However, this design has the distinct advantage of 
a flat frequency response to a wider bandwidth which requires little, if any, 
equalization. 


PROBLEMS 

9.1 Briefly discuss the possible sources of noise in optical fiber receivers. Describe 
in detail what is meant by quantum noise. Consider this phenomenon with 
regard to: 

(a) digital signalling; 

(b) analog transmission, 

giving any relevant mathematical formulae. 

9.2 A silicon photodiode has a responsivity of 0.5 A at a wavelength of 
0.85 urn. Determine the minimum incident optical power required at the photo¬ 
diode at this wavelength in order to maintain a bit error rate of 10^^, when 
utilizing ideal binary signalling at a rate of 35 Mbits . 

9.3 An analog optical fiber ^mmunication system requires an SNR of 40 dB at the 
detector with a post detection bandwidth of 30 MHz. Calculate the minimum 
optical power required at the detector if it is operating at a wavelength of 
0.9 pm with a quantum efficiency of 70%. State any assumptions made. 

9.4 A digital optical fiber link eiiq)loymg idral binary signalling at a rate of 
50 MBits operates at a wavelength of 1.3 pm. The detector is a germanium 
photodiode which has a quantum efficiency of 45% at this wavelength. An 
alarm is activated at the receiver when the bit error rate drops below 10■^ 
Calculate the theoretical minimum optical power required at the photodiode in 
order to keep the alarm inactivated. Comment briefly on the reasons why in 
practice the minimum incident optical power would need to be significantly 
greater than this value. 
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9.5 Discuss the implications of the load resistance on both thermal noise and post 
detection bandwidth in optical fiber communication receivers. 

9.6 A silicon p-i-n photodiode has a quantum efficiency of 65% at a wavelength of 
0.8 pm. Determine: 

(a) the mean photocurrent when the detector is illuminated at a wavelength 
of 0.8 pm with 5 pW of optical power; 

(b) the rms quantum noise current in a post detection bandwidth of 20 MHz; 

(c) the SNR in dB, when the mean photocurrent is the signal. 

9.7 The photodiode in problem 9.6 has a capacitance of 8 pF. Calculate: 

(a) the minimum load resistance corr^ponding to a post detection band¬ 
width of 20 MHz; 

(b) the rms thermal ncMse current in the above resistor at a temperature of 
25 ®C; 

(c) the SNR in dB resulting from the illumination in problem 9.6 when the 
dark current in the device is I nA. 

9.8 The photodiode in problems 9.6 and 9.7 is used in a receiver where it drives 
an amplifier with a noise figure of 2 dB and an input capacitance of 7 pF. 
Determine: 

(a) the maximum amplifier input resistance to maintain a post detection 
bandwidth of 20 MHz without equalization; 

(b) the minimum incident optical power required to give an SNR of 50 dB. 

9.9 A germanium photodiode incorporated into an optical liber receiver working at 
a wavelength of l.SSpm has a dark current of 500 nA at the operating 
temperature. When the incident optical power at this wavelength is 10~^ W and 
the respOQsivity of the device is 0.6AW*^ shot noise dominates in the 
receiver. Determine the SNR in dB at the receiver when the post detection 
bandwidth is LOO MHz. 

9.10 Discuss the expression for the SNR in an APD receiver given by: 

£ __ 

N ~ , 4KTBF„ 

2eB(l. + + - 

with regard to the various sources of ncMse present in the receiver. How may 
this expression be modified to give the optimum avalanche multiplication 
factor? 

9.11 A silicon RAPD has a quantum effu^cy of 95% at a wavelength of 0.9 
has an excess avalanche noise factor of and a capacitance of 2 pF. It may 
be assumed that the post detection bandwidth (without equalization) is 
25 MHz, and that the dark current in the device is negligible at the operating 
temperature of 290 K. Determine the nunimum incident optical power which 
can yield an SNR of 23 dB. 

9.12 With the device and conditicns given in problem 9AU caloulate: 

(a) the SNR obtained when the avalanche multipUcatlon fbctor for the 
RAPD rule to half the optimum value ealeulatedt 
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(b) the increased optical power necessary to restore the SNR to 23 dB with 


M = 0.5A/„p. 

9 13 What is meant by the excess avalanche noise factor f(Af)? Give two possible 
ways of expressing this factor in analytical terms. Comment bnefly on their 

relative merits. 

9 14 A germanium APD (with x= 1.0) operates at a wavelength of 1.35 \im where 
its responsivity is 0.45 A VT'. The dark current is 200 nA at the operaung 
temperature of 250 K and the device capacitance is 3 pF. Determine toe 

maximum possible SNR when the incident optical power IS 8 X 10 Wandthe 

post detection bandwidth without equalization is 560 MHz. 

9 15 The photodiode in problem 9.14 drives an amplifier with a noise figure of 3 dB 
and an input capacitance of 3 pF. Determine the new maximum SNR when 
they are operated under the same conditions. 

916 Discuss the three main amplifier configurations currently adopted for optica) 
fiber communications. Comment on their relative merits and drawbacks. 

A high impedance integrating front end amplifier is used in an optical fiber 
receiver in parallel with a detector bias resistor of 10 MO. The effective input 
resistance of the amplifier is 6Mft and the total capacitance (detector and 

amplifier) Is 2 pF. . . j u 

It is found that the detector bias resistor may be omitted when a 

iransimpedance front end amplifier de^gn is used with a 270 kD feedback 

resistor and an open loop gain of 100. 

Compare the bandwidth and thermal noise implications of these two cases, 

assuming an operating temperature of 290 K. 

9.17 A p-/-« photodiode operating at a wavelength of 0.83 ^ quan^m 

efficiency of 50% and a dark current of 0.5 nA iU a temperature of 295 The 
device is unbiassed but loaded with a current mode amplifier with a 50 kfi teed- 
back resistor and an open loop gain of 32. The capacitance of the photodiode is 
1 pF and the Input capacitance of the amplifier is 6pF. r id 

Determine the incident optical power required to mainiam a SNR of 55 dB 
when the post detection bandwidth is tOMHz. Is equalization necessary? 

918 A voliage amplifier for an optical fiber receiver is designed with an cfTeclivc 
input resistance of 200 Q which is matched to the detector bias resistor of the 

same value. Determine: . r 

(a) The maximum bandwidth that may be obtained without equalization li 

the total capacitance (Cj) is 10 pF. , . 

(b) The rms thermal noise current generated in this configuration when il is 
operating over the bandwidth obtained in (a) and at a temperature of 
290 K. The thermal noise generated by the voltage amplifier may be 
assumed to be from the effective input resistance to the device. 

(c) Compare the values calculated in (a) and (b) with those obtained when 
the voltage amplifier is replaced by a ir^simpedance amplifier with a 
10 kn feedback resistor and an open loop gain of 50. It may be assumed 
that the feedback resistor is also used to bias the detector, and the total 

capacitance remains 10 pF. 

• It What^i i PIN-FET hybrid reww? Discuss in detail its merits and possible 

rawtaoki in with the APD receiver. 
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Answers to Numerical Problems 


9.2 

-70.4 dBm 



9.3 

-37.2 dBm 



9.4 

-70.1 dBm 



9.6 

(a) 2.01 nA; 
(c) 55.0 dB 

(b) 

3,59 nA; 

9.7 

(a) 994.7 
(c) 39.3 dB 

(b) 

18.19 nA; 

9.8 

(a) 1.37 kO; 

(b) 

19.58 mW 

9.9 

40.1 dB 


9.11 

—50.3 dBm 



9.12 

(a) 14.2 dB; 

(b) 

-49.6 dBm 

9.14 

23,9 dB 




9.15 2L9 dB 

9.16 High impedance front end: 
2t.22kHz. 

4.27 X I0-” Hz-' ; 
Transimpedancc front end: 
29.47 MHz, 5.93 x 
Hz-' 

9.17 —23.1 dBm, equalization is 
unnecessary 

9.18 (a) 159.13 MHz; (b) 160 nA; 
(c) 79.56 MHz, 11.3 nA, noise 
power 23 dB down 
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Optical Fiber Systems 


10.1 INTRODUCTION 

The transfer of information in the form of light propagating within an optical 
fiber requires the successful implementation of an optical fiber communication 
system. This system, in common with all systems, is composed of a number of 
discrete components which are connected together in a manner that enables 
them to perform a desired task. Hence, to achieve reliable and secure com¬ 
munication using optical fibers it is essential that all the components within the 
transmission system are compatible so that their individual performances, as 
far as possible, enhance rather than degrade the overall system performance. 

The principal components of a general optical fiber communication system 
tor either digital or analog transmission are shown in the system block 
schematic of Fig. 10.1. The transmit terminal equipment consists of an infor¬ 
mation encoder or signal shaping circuit preceding a modulation or electronic 
driver stage which operates the optical source. Light emitted from the source is 
aunched into an ^tical fiber incorporated within a cable which constitutes the 
transmission medium. The light emerging from the far end of the transmission 
medium is converted back into an electrical signal by an optical detector 
positioned at the input of the receive terminal equipment. This electrical signal 

is then amplified prior to decoding or demodulation in order to obtain the 
intormation originally transmitted. 

The operation and characteristics of the optical components of this general 

system have been discussed in some detail within the previous chapters. 

However, to enable the successful incorporation of these components into an 

optical fiber communication system it is necessary to consider the interaction 

ol one component with another, and then to evaluate the overall performance 

of the system. Furthermore, to optimize the system performance for a given 

application it is often helpful to offset a particular component characteristic by 

trading it off against the performance of another component, in order to 

provide a net gain within the overall system. The electronic components play 

an iinportant role in this context, allowing the system designer further choices 

which, depending on the optical components utilized, can improve the system 
performance. ^ 
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Fig. t0.1 The principal components of an optical fiber communication system. 


The purpose of this chapter is lo bring together the important performance 
characteristics of the individual system elements, and to consider their interac¬ 
tion within optical fiber communication systems. It is intended that this will 
provide guidance in relation to the various possible component configurations 
which may be utilized for different system applications, whilst also giving an 
insight into system design and optimization. Hence the optical components 
and the associated electronic circuits will be discussed prior to consideration of 
general system design procedures. Although the treatment is by no means 
exhaustive, it will indicate the various problems involved in system design and 
provide a description of the basic techniques and practices which may be 
adopted to enable successful system implementation. 

We commence in Section 10.2 with a discussion of the optical transmitter 
circuit. This includes consideration of the source limitations prior to descrip¬ 
tion of various LED and laser drive circuits for both digital and analog 
transmission. In Section 10.3 we present a similar discussion for the optical 
receiver including examples of preamplifier and main amplifier circuits. 
General system design considerations are then dealt with in Section 10.4. This 
is followed by a detailed discussion of digital systems commencing with an 
outline of the operating principles of pulse code modulated (PCM) systems in 
Section 10.5 before continuing to consider the various aspects of digital optical 
fiber systems in Section 10.6. Analog opUcal fiber systems are then dealt with 
in Section 10.7 where the various possible analog modulation techniques are 
described and analyzed. Finally, we conclude in Section 10.8 with a brief 
iccount of coherent optical fiber systems which are currently attracting much 
Interest. 
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10.2 THE OPTICAL TRANSMITTER CIRCUIT 

The unique properties and characteristics of the injection laser and the light 
emitting diode (LED) which make them attractive sources for optical fiber 
communications were discussed in Ch^ters 6 and 7. 

Although both device types exhibit a number of similarities in terms of their 
general performance and compatibility with optical fibers, striking differences 
exist between them in relation to both system application and transmitter 
design. It is useful to consider these dilTerences, as well as the limitations of 
the two source types, prior to discussion of transmitter circuits for various 
applications. 

10.2.1 Source Limitatione 

10.2.1.1 Power 

The electrical power required to operate both injection lasers and LEDs 
is generally similar with typical current levels of between 20 and 300 mA 
(certain laser thresholds may be substantially higher than this—of the order of 
1-2 A), and voltage drops across the terminals of 1.5-2.5 V. However, the 
optical output power against current characteristic for the two devices varies 
considerably, as indicated in Fig. 10.2. The injection laser is a threshold device 
which must be operated in the region of stimulated emission (i.e, above the 
threshold) where continuous optical output power levels are typically in the 
range 1-10 mW. 

Much of this light output may be coupled into an optical fiber because the 
isotropic distribution of the narrow linewidth, coherent radiation is relatively 
directional. In addition the spatial coherence of the laser emission allows it to 
be readily focused by appropriate lenses within the numerical aperture of the 



Fig. 10.2 Light output (power) emitted Into air ae a function of dx. drive current for a 
typical high radiance LED end for a typical Injection laser. The curvea exhibit 
nonlinearity at high currents due to Junction heating. 
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fiber. Coupling efficiencies near 30% may be obtained by placing a fiber close 
to a laser mirror, and these can approach 80% with a suitable lens arrange¬ 
ment [Refs. I and 2]. Therefore injection lasers are capable of launching 
between 0.5 and several mUliwatts of optical power into a fiber. 

LEDs are capable of similar optical output power levels to injection lasers 
depending on their structure and quantum efficiency as indicated by the typical 
characteristic for a surface emitter shown in Fig. 10.2. However, the spon¬ 
taneous emission of radiation over a wide linewidth from the LED generally 
exhibits a Lambertian intensity distribution which gives poor coupling into 
optical fibers. Consequently only between I and perhaps 10% (using a good 
edge emitter) of the emitted optical power from an LED may be launched into 
a multimode fiber, even with appropriate lens coupling (see Section 7.3.4). 
These considerations translate into optical power levels from a few to several 
hundred microwatts launched into individual multimode fibers. Thus the 
optical power coupled into a fiber from an LED can be 10-20 dB below that 
obtained with a typical injection laser. The power advantage gained with the 
injection laser is a major factor in the choice of source, especially when con¬ 
sidering a long'haul optical fiber link. 

10.2.1.2 Linearity 

Linearity of the optical output power against current characteristic is an 
important consideration with both the injection laser and LED. It is especially 
pertinent to the design of analog optical fiber communication systems where 
source nonlinearicies may cause severe distortion of (he transmitted signal. At 
first sight the LED may appear to be ideally suited to analog transmission as 
its output is approximately proportional to the drive current. However, most 
LEDs display some degree of nonlinearity in their optical output against 
current characteristic because of junction heating effects which may either 
prohibit their use, or necessitate the incorporation of a linearizing circuit within 
the optical transmitter. Certain LEDs (e.g. etched well surface emitters) do 
display good linearity, with distortion products (harmonic and intcrmodula- 
tion) between 35 and 45 dB below the signal level (Refs. 3 and 4j. 

An alternative approach to obtaining a linear source characteristic is to 
operate an injection laser in the light-generating region above its threshold, as 
indicated in Fig. 10.2. This may prove more suitable for analog transmission 
than would the use of certain LEDs. However, gross nonlinearities due to 
mode instabilities may occur in this region. These are exhibited as kinks in the 
laser output characteristic (see Section 6.5.3). Therefore many of the multi- 
mode injection lasers have a limited use for analog transmission without 
additional linearizing circuits within the transmitter, although some of the 
single mode structures have demonstrated linearity suitable for most analog 
appliettiont. Alternatively! digital transmission, especially utilizing a binary 
(2 levri) format, li ftir leu unsitive to source nonlinearities and is therefore 
oftM MllNTtd vriM’lHtBi boOi faijKtlon liMri and LBDi. 
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10.2.1.3 Thermal 

The thermal behavior of both injection lasers and LEDs can limit their opera¬ 
tion within the optical transmitter. However, as indicated in Section 6.9.1 the 
variation of injection laser threshold current with the device junction 
temperature can cause a major operating problem. Threshold currents of 
typical AlGaAs devices increase by approximately 1% per degree centigrade 
increase in junction temperature. Hence any significant increase in the junction 
temperature may cause loss of lasing and a subsequent dramatic reduction in 
the optical output power. This limitation cannot usually be overcome by 
simply cooling the device on a heat sink, but must be taken into account within 
the transmitter design, through the incorporation of optical feedback, in order 
to obtain a constant optical ouQjut power level from the device. 

The optical output from an LED is also dependent on the device junction 
temperature as indicated in Section 7.4.2. Most LEDs exhibit a decrease in 
optical output power following an increase in junction temperature, which is 
typically around -1% per degree centigrade. This thermal behavior, however 
although significant is not critical to the operation of the device due to its lack 
of threshold. Nevertheless this tempierature dependence can result in a varia¬ 
tion in optical output power of several decibels over the temperature range 
0-70 ®C. It is therefore a factor within system design considerations which, if 
not tolerated, may be overcome by providing a circuit within the transmitter 
which adjusts the LED drive current with temperature. 

10.2.1.4 Response 

'^e speed of response of the two types of optical source is largely dictated by 
their respective radiative emission mechanisms. Spontaneous emission from 
the LED IS dependent on the effective minority carrier lifetime in the semi¬ 
conductor material (see Section 7.4J). in heavily doped per cmM 

gallium arsenide this is typically between 1 and 10 nanoseconds, However, the 
response of an optical fiber source to a current step input is often specified in 
terms of the 10-90% rise time, a parameter which is reciprocally related to the 
device frequency response (see Section 10.6.5). The rise lime of the LED is at 
least twice the effective minority carrier lifetime, and often much longer 
because of juncUon and stray capacitance. Hence, the rise times for currently 
available LEDs lie between 2 and 50 nanoseconds, give 3 dB bandwidths of 
around 7 to at best 175 MHz. Therefore LEDs are inherently restricted to 
lower bandwidth applications, although suiUble drive circuits can maximize 
their bandwidth capabilities (i.e. reduce rise times). 

Stimulated emission from injection lasers occurs over a much shorter period 
gmi^ rise Umes of the order of 0.1-1 ns, thus allowing 3 dB bandwidths above 
1 GHz. However, injection laser performance is limited by the device switch- 
on delay (see Section 6.9.2). To achieve the highest speeds it is therefore 
necessary to minimize the switch-on delay. Transmitter circuits which prebias 
the laser to just below or just above threshold in conjunction with high speed 
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drive currents which take the device well above threshold, prove useful in the 
reduction of this limitation. 

10.2.1.5 Spectra! Width 

The finite spectral width of the optical source causes pulse broadening due to 
material dispersion on an optical fiber communication link. This results in a 
limitation on the bandwidth-length product which may be obtained using a 
particular source and fiber. The incoherent emission from an LED usually 
displays a spectral linewidth of between 20 and 50 nm (full width at half power 
(FWHP) points) when operating in the 0.8-0.9 pm wavelength range. This 
limits the bandwidth-length product with a silica fiber to around 100 and 
160 MHz km at wavelengths ofO.S and 0.9 pm respectively. Hence the overall 
system bandwidth for an optical fiber link over several kilometers may be 
restricted by material dispersion rather than the response time of the source. 

The problem may be alleviated by working at a longer wavelength where the 
material dispersion in high silica fibers approaches zero (i.e. near 1.3 pm, see 
Section 3.8.1). In this region the source spectral width is far less critical and 
bandwidth-length products of I GHz km may be obtained using LEDs, 
Alternatively, an optical source with a narrow spectral linewidth may be 
utilized in place of the LED. The coherent emission from an injection laser 
generally has a linewidth of 1 nm or less (FWHP). Use of the injection laser 
greatly reduces the effect of material dispersion within the fiber, giving band¬ 
width-length products of 1 GHz km at 0.8 pm, and far higher at longer 
wavelengths. Hence, the requirement for a system operating at a particular 
bandwidth over a specific distance will influence both the choice of source and 
operating wavelength. 

10.2.2 LED Drive Circuit* 

Although the LED is somewhat restricted in its range of possible applications 
in comparison with the more powerful, higher speed injection laser, it is 
generaUy far easier to operate. Therefore in this section we consider some of 
the circuit configurations that may be used to convert the information voltage 
signal at the transmitter into a modulation current suitable for an LED source. 
In this context it is useful to discuss circuits for digital and analog transmission 
independently. 

10.2.2.1 Digital Transmission 

The operation of the LED for binary digital transmission requires the 
switching on and off of a curroit in the range of several tens to several 
hundreds of milliamperes. This must be performed at high speed in response to 
logic voltage levels it the driving circuit input, A common method of achieving 
thii current iwltelibi| operntion for an LED is shown in Fig, 10.3. The circuit 
illuitritetf WHt ■ tt6nl.ir tMuiIitor ewitdi operated in the common emitter 
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Fig. 10.3 A simple drive circuit for binary digital transmission consisting of a common 
emitter saturating switch. 


mode. This single stage circuit provides current gain as well as giving only a 
small voltage drop across the switch when the transmitter is in saturation (i.e. 
when the collector-basc Junction is forward biassed, the emitter to collector 
voltage (sat) is around 0.3 V). 

The maximum current flow through the LED is limited by the resistor i?, 
whilst independent bias to the device may be provided by the incorporation of 
resistor R}. However, the switching speed of the common emitter configura¬ 
tion is limited by space charge and diffusion capacitance; thus bandwidth is 





Fig. 10.4 Low impedance drive circuit coneieting of an emitter foiiower with compenaat- 
Ing matching network [Ref. 6], 
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traded for current gain. This may, to a certain extent, be compensated by over¬ 
driving (pre-emphasizing) the base current during the switch-on period. In the 
circuit shown in Fig. 10.3 pre-emphasis is accomplished by use of the speed up 
capacitor C. 

Increased switching speed may be obtained from an LED without a pulse 
shaping or speed up element by use of a low impedance driving circuit, 
whereby charging of the space charge and diffusion capacitance occurs as 
rapidly as possible. This may be achieved with the emitter follower drive circuit 
shown in Fig. 10.4 [Ref. 5]. The use of this configuration with a compensating 
matching network (R 3 C) provides fast direct modulation of LEDs with 
relatively low drive power. A circuit, with optimum values for the matching 
network, is capable of giving optical rise times of 2.5 ns for LEDs with 
capacitance of 180 pF, thus allowing 100 Mbits s"* operation [Ref. 6 |. 

Another type of low impedance driver is the shunt configuration shown in 
Fig. 10,5, The switching transistor in this circuit is placed in parallel with the 
LED providing a low impedance path for switching off the LED by shunting 
current around it. The swiich on performance of the circuit is determined by 
the combination of resistor R and the LED capacitance. Stored space charge 
may be removed by slightly reverse biassing the LED when the device is 
switched off. This may be achieved by placing the transistor emitter potential 
Fee below ground. In this case a Schottky clamp (shown dotted) may be 
incorporated to limit the exunt of the reverse bias without introducing any 
extra minority carrier stored charge into the circuit. 

A frequent requirement for digital transmission is the interfacing of the LED 
drive circuit with a common logic family as illustrated in the block schematic 
of Fig. 10, 6 (a). In this case the logic interface must be considered along with 
possible drive circuits. Compatibility with TTL may be achieved by use of 
commercial integrated circuits as shown in Figs. 10.6(b) and (c). The con¬ 
figuration shown in Fig. 10.6(b) uses a Texas Instruments’ 74S140 line driver 



Pta. lOtl LeW' Impcdanee drive elreult oentfsting of s simple shunt conflgureilon. 
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interfacing of Ihe LEO drive circuit with logic input levels; (b} a simple TTL 
compatible LED drive circuit employing a Texas Instruments' 74S140 line 
driver [Ref. 7|: (c^ a TTL compatible shunt drive circuit using a commercially 
avdi fable integrated circuit |Ref. 7|. 


which provides a drive current of around 60 mA to the LED when is 50 n. 
Moreover, the package contains two sections which may be connected in 
parallel in order to obtain a drive current of 120 mA. The incorporation of a 
suitable speed up capacitor (e.g» C=47 pF) gives optical rise times of around 
5 ns when using LEDs with between 150 and 200 pF capacitance [Ref. 7]. 
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Figure 10.6(c) illustrates the shunt configuration using a standard TTL 75451 
integrated circuit. The rise time of this shunt circuit may be improved through 
maintenance of charge on the LED capacitance by placing a resistor between 

the shunt switch collector and the LED iRef. 7j. 

An alternative important drive circuit configuration is the emitter coupled 
circuit shown in Fig. 10.7 [Ref. 71. The LED acts as a load in one collector so 
that the circuit provides current gain and hence a drive current for the device. 
Thus the circuit resembles a linear differential amplifier, but it is operated 
outside the linear range and in the switching mode. Fast switching speeds may 
be obtained due to the configuration’s nonsaturating characteristic which 
avoids switch-off time degradations caused by stored charge accumulation on 
the transistor base region. The lack of saturation also minimizes the base drive 
requirements for the transistors thus preserving their small signal current gain. 
The emitter coupled driver configuration shown in Fig. 10.7 is compatible with 
commercial emitter coupled logic (ECL). However, to achieve this com¬ 
patibility the circuit includes two level shifting transistors which give ECL 
levels (high -0.8 V, low -1.8 V) when the positive terminal of the LED is at 
earth potential. The response of this circuit is specified IRef. 71 at up to 
50 Mbit s ■*, with a possible extension to 300 Mbit s‘‘ when using a faster ECL 
logic family and high speed transistors. The emitter coupled drive circuit con¬ 
figuration may also be interfaced with other logic families, and a TTL com¬ 
patible design is discussed in Ref. 8. 

10.2.2.2 Analog Transmission 

For analog transmission the drive circuit must cause the light output from an 
LED source to follow accurately a time-varying input voltage waveform in 



396 


OPTICAL FIBER COMMUNICATIONS: PRINCIPLES AND PRACTICE 


both amplitude and phase. Therefore, as indicated previously, it is important 
that the LED output power responds linearly to the input voltage or current. 
Unfortunately, this is not always the case because of inherent nonlinearities 
within LEDs which create distortion products on the signal. Thus the LED 
itself tends to limit the performance of analog transmission systems unless suit¬ 
able compensation is incorporated into the drive circuit. However, unless 
extremely low distortion levels are required, simple transistor drive circuits 
may be utilized. 

Two possible high speed drive circuit configurations are illustrated in 
Fig. 10.8. Figure i 0.8(a) shows a driver consisting of a common emitter 
transconductance ampUiler which converts an input base voltage into a 
collector current. The circuit is biassed for a class A mode of operation with 
the quiescent collector current about half the peak value. A similar trans- 
conductance configuration which utilizes a Darlington transistor pair in order 
to reduce the impedance of the source is shown in Fig. 10.8(b). A circuit of this 
type has been used to drive high radiance LEDs at frequencies of 70 MHz 
[Ref, 9j, 

Another simple drive circuit configuration is shown in Fig. 10.9. It consists 
of a differential amplifier operated over its linear region which directly 
modulates the LED. The LED operating point is controlled by a reference 
voltage whilst the current generator provided by the transistor 7^3 feeding 
the differential stage (T, and Tj) limits the maximum current through the 
device. The iransimpedancc of the driver is reduced through current series 
feedback provided by the two resistors A, and which are normally assigned 
equal values. Furthermore, variation between these feedback resistors can be 
used to compensate for the transfer function of both the drive circuit and the 
LED. 




Fig. 10.8 Tran scon duetd nee drive circuits for analog transmission: (a) common emittar 
configuration: fb) Darlington transistor pair. 
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Fig. 10.9 A differential amplifiar drive circuit. 


Although in many communication applications where a single analog signal 
is transmitted certain levels of amplitude and phase distortion can be tolerated, 
this is not the case in frequency multiplexed systems (see Section 10.4.2) where 
a high degree of linearity is required in order to minimize interference between 
individual channels caused by the generation of intermodulation products, 
Also baseband video transmission of TV signals requires the maintenance of 
extremely low levels of amplitude and phase distortion. For such applications 
the simple drive circuits described previously are inadequate without some 
form of linearization to compensate for both LED and drive circuit non- 
linearities. A number of techniques have been reported [Ref. 10], some of 
which are illustrated in Fig. 10-10. Figure lO.lCKa) shows the complementary 
distortion technique I Ref. 111 where additional nonlinear devices are included 
in the system. It may take the form of predistortion compensation (before the 
source drive circuit) or postdistortion compensation (after the receiver). This 
approach has been shown |Ref. 12] to reduce harmonic distortion by up to 
20 dB over a limited range of modulation amplitudes. 

In the negative feedback compensation technique shown in Fig. 10.10(b), 
the LED is included in the linearization scheme. The optica] output is detected 
and compared with the input waveform, the amount of compensation being 
dependent on the gain of the feedback loop. Although the technique is straight¬ 
forward, large bandwidth requirements (i.e. video) can cause problems at high 
frequencies IRef. 13J. 

The technique shown in Fig. 10.10(c) employs phase shift modulation for 
selective harmonic compensation using a pair of LEDs with similar charac¬ 
teristics [Ref. 14). The input signal is divided into equal parts which are phase 
shifted with respect to each other. These signals then modulate the two LEDs 
giving a cancellitiOT of 4he second and third harmonic with a 90^ and 60^ 
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Fig. 10.10 Block schematics of some linearization mdihods for LED drive circuits: 

(a) complementary distortion technique; (b) negative feedback compensation 
technique: {c) salecrive harmonic compensation technique. 
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phase shift respectively. However, although there is a high degree of distortion 
cancellation, both harmonics cannot be reduced simultaneously. 

Other linearization techniques include cascade compensation I Ref. 15 L feed¬ 
forward compensation [Ref. 16| and quasi-fccdforward compensation I Refs. 
17 and 181. 

10.2.3 Laser Drive Circuits 

A number of configurations described for use as LED drive circuits for both 
digital and analog transmission may be adapted for injection laser applications 
with only minor changes. The laser, being a threshold device, has somewhat 
different drive current requirements from the LED. For instance, when digital 
transmission is considered, the laser is usually given a substantial applied bias, 
often referred to as prebias, in the off stale. Reasons for biassing the laser near 
but below threshold in the off stale are: 

(a) it reduces the switch-on delay and minimizes any relaxation oscillations; 

(b) it allows easy compensation for changes in ambient temperature and 
device ageing; 

(c) it reduces the junction heating caused by the digital drive current since the 
on and off currents are noi widely different for most lasers. 

Although biassing near threshold causes spontaneous emission of light in the 
off state, this is not normally a problem for digital transmission because the 
stimulated emission in the on slate is generally greater by, at least, a factor of 
lO. 



ng, lOill A shunt drive circuit for use with an Injection laser. 
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A simple laser drive circuit for digital transmission is shown in Fig. 10.11. 
This circuit is a shunt driver utilizing a field effect transistor (FET) to provide 
high speed laser operation. Sufficient voltage is maintained in series with the 
laser using the resistor and the compensating capacitor C such that the 
FET is biassed into its active or pinch-oiTregion. Hence for a particular input 
voltage (i.e. a specific amount of the total current flowing through 
is diverted around the laser leaving the balance of the current to flow through 
R 2 and provide the off state for the device. Using suitable gallium arsenide 
MESFETs (see Section 9.5.1) the circuit shown in Fig. 10.11 has modulated 
lasers at rates in excess of 1 Gbits"* |Ref. 19). 

An alternative high speed laser drive circuit employing bipolar transistors is 
shown in Fig. 10.12 [Ref. 20]. This circuit configuration, again for digital 
transmission, consists of two differential amplifiers connected in parallel. The 
input stage, which is ECL compatible* exhibits a 50 fi input impedance by use 
of an emitter follower F, and a 50 0 resistor in parallel with the input. The 
transistor Ti acts as a current source with the zener diode ZD adjusting the 
signal level for ECL operation. The two differential amplifiers provide suf¬ 
ficient modulation current amplitude for the laser under the control of a d.c. 
control current If, through the iwo emitter resistors R^i and Ig is 
provided by an optical feedback control circuit to be discussed shortly. Finally, 
a prebias current is applied to the laser from a separate current source. This 
circuit when utilizing microwave transistors was operated with a return to zero 
digital format (see Section 3.7) at I Gbits'* I Ref. 201. 

A major difference between the drive circuits of Figs. 10.11 and 10.12 is the 
absence and use respectively of feedback control for adjustment of the laser 



Fig. 10.12 An ECL compatible high speed laser drive circuit [Ref. 20|. 
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output level. For this reason it is unlikely that the shunt drive circuit of Fig. 
10.11 would be used for a system application. Some form of feedback control 
is generally required to ensure continuous laser operation because the device 
lasing threshold is a sensitive function of temperature. Also the threshold level 
tends to increase as the laser ages foAowing an increase in internal device 
losses. Although lasers may be cooled to compensate for temperature varia¬ 
tions, ageing is not so easily accommodated by the same process. However, 
both problems may be overcome through control of the laser bias using a feed¬ 
back technique. This may be achieved using low speed feedback circuits which 
adjust the generally static bias current when necessary. For this purpose it is 
usually found necessary to monitor the light output from the laser in order to 
keep some aspect constant. 

Several strategies of varying complexity are available to provide automatic 
output level control for the laser. The simplest and perhaps most common 
form of laser drive circuit incorporating optical feedback is the mean power 
control circuit shown in Fig. 10.13. Often the monitor detector consists of a 
cheap, slow photodiode positioned next to the rear face of the laser package as 
indicated in Fig. 10.13. Alternatively, an optical coupler at the fiber input can 
be used to direct some of the radiation emitted from the laser into the monitor 
photodiode. The detected signal is integrated and compared with a reference 
by an operational amplifier which is used to servo*control the d.c. bias applied 
to the laser. Thus the mean optical power is maintained constant by varying 
the threshold current level This technique is suitable for both digital and 
analog transmission. 

An alternative control method for digiul systems which offers accurate 
threshold tracking and very little device dependence is the switch-on delay 
technique illustrated in Fig. 10.14 |Ref. 241. This circuit monitors the switch* 
on delay of an optical pulse in order to control the laser bias current. The 
switch-on delay is measured for a lero level set below threshold and the feed- 
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Fig. 10.t4 Switch-on delay feedback laser control circuit (Ref. 24]. 


back is set to a constant fixed delay to control it. Hence, the circuit provides a 
reference signal proportional to the delay period. This signal is used to control 
the bias level. The technique requires a fast monitor photodiode as well as a 
wideband amplifier to allow measurement of the small delay periods. It is also 
essential that the zero level is set below the lasing threshold because the feed¬ 
back loop will only stabilize for a finite delay (i.e, the delay falls to zero at the 
threshold). 

A major disadvantage, however, with just controlling the laser bias current 
is that it does not compensate for variations in the laser slope efficiency. The 
modulation current for the device is preset and does not take into account any 
slope changes with lemperalure and ageing. In order to compensate for such 
changes, the a.c. and d.c. components of the monitored light output must be 
processed independently. This is especially important in the case of high bit 
rate digital systems where control of the on and off levels as well as the light 
level is required. A circuit which utilizes both a.c. and d.c. information in the 
laser output to control the device drive current and bias independently is 
shown in Fig. 10.15 iRef. 201. The electrical output from the monitor 
photodiode is fed into a low drift d.c. amplifier AI and into a wideband 
amplifier A2. Therefore the mean value of the laser output power P^fave) is 
proportional to the output from AI whilst the a.c. content of the monitoring 
signal is peak detected after the amplifier A2. The peak signals correspond to 
the maximum P^(max) and the minimum laser output powers within a 

certain time interval. The difference signal proportional to (P^(max) -P,(min)) 
is acquired \n A3 and compared with a drive reference voltage in order to 
control the current output ixom A4 and consequently the laser drive current. In 
this way the modulation amplitude of the laser is controlled. Control of the 















OPTICAL FIBER SYSTEMS 


403 




Fig. 10.15 A laser feedback control circuit which uses a.c. and d.c. information In the 
monitored light output to control the laser drive and bias currents 
independently [Ref. 20|^ 

laser bias current is achieved from the difTerence between the output signal of 
A1 (?<(ave)) and jP«(min) which is acquired in A5. The output voltage of 
which is proportional to P«(m]n) is compared with a bias reference voltage in 
A6 which supplies a current output to control the laser d.c. bias. This feedback 
control circuit was designed for use with the laser drive circuit shown in Fig. 
10.12 to give digital operation at bit rates in the gigahertz range. 


10.3 THE OPTICAL RECEIVER CIRCUIT 


The noise performance for optical fiber receivers incorporating both major 
detector types (the p-i-n and avalanche photo^Sode) was discussed in Chapter 
9. Receiver noise is of great importance within optical fiber communications as 
it is the factor which limits receiver sensitivity and therefore can dictate the 
overall system design. It was necessary within the analysis given in Chapter 9 
to consider noise generated by electronic amplification (i.e. within the pre¬ 
amplifier) of the low level signal as well as the noise sources associated with the 
optical detector. Also the possible strategies for the configuration of the pre¬ 
amplifier were considered (see Section 9.4) as a guide to optimization of the 
receiver noise performance for a particular application. In this section we 
extend the discussion to consider different possible circuit arrangements which 
may be implemented to achieve low noise preamplification as well as further 
amplification (main amplification) and processing of the detected optical 
signal. 

A block schematic of an optical fiber receiver is shown in Fig. 10.16. 
Following the linear conversion of the reedved optical signal into an electrical 
current at the detector. It ii amplified to obt&n a suitable signal level. Initial 
amplification ii performed lo the preamplifier circuit where it is essential that 
additional aoIm ii In order to avoid corruption of the 
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Fig. 10.16 Block scKematIc showing the major elements of an optical fiber receiver. 


received signal. As noise sources within the preamplifier may be dominant, its 
configuration and design are major factors in determining the receiver 
sensitivity. The main amplifier provides additional low noise amplification of 
the signal to give an increased signal level for the following circuits. 

Although optical detectors are very linear devices and do not themselves 
introduce significant distortion onto the signal, other components within the 
optical fiber communication system may exhibit nonlinear behavior. For 
instance, the received optical signal may be distorted due to the dispersive 
mechanisms within the optical fiber. Alternatively the transfer function of the 
preamplifier-main amplifier combination may be such that the input signal 
becomes distorted (especially the case with the high impedance front end pre¬ 
amplifier), Hence, to compensate for this distortion and to provide a suitable 
signal shape for the filter, an equalizer is often included in the receiver. It may 
precede or follow the main amplifier, or may be incorporated in the functions 
of the amplifier and filter. In Fig. 10.16 the equalizer is shown as a separate 
element following the amplifier and preceding the filter. 

The function of the final element in the receiver, the filter, is to maximize the 
received signal to noise ratio whilst preserving the essential features of the 
signal. In digital systems the function of the filter is primarily to reduce 
intersymbol interference, whereas in analog systems it is generally required to 
hold the amplitude and phase response of the received signal within certain 
limits. The filter is also designed to reduce the notse bandwidth as well as in- 
band noise levels. 

Finally, the general receiver consisting of the elements depicted in Fig. 10.16 
is often referred to as a linear channel because all operations on the received 
optical signal may be considered to be mathematically linear. 

10.3.1 The Preamplifier 

The choice of circuit configuration for the preamplifier is largely dependent 
upon the system application. Bipolar or field effect transistors (FETs) can be 
operated in three useful connections. These are the common emitter or source, 
the common base or gate, and the emitter or source follower for the bipolar 
and field effect transistors respectively. Each connection has characteristics 
which will contribute to a particular preamplifier configuration. It is therefore 
useful to discuss the three basic preamplifier structures (low impedance, high 
impedance and transimpedance front end) and indicate possible choices of 
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transistor connection. In this context the discussion is independent of the type 
of optical detector utilized. However, it must be noted that there are a number 
of significant differences in the performance characteristics between the p-i-n 
and avalanche photodiode (see Chapter 8) which must be considered within 
the overall design of the receiver. 

The simplest preamplifier structure is the low input impedance voltage 
amplifier. This design is usually implemented using a bipolar transistor con¬ 
figuration because of the high input impedance of FETs. The common emitter 
and the grounded emitter (without an emitter resistor) amplifier shown in Fig. 
10.17 are favored connections, as they may be designed with reasonably low 
input impedance and therefore give operation over a moderate bandwidth 
without the need for equalization. However, this is achieved at the expense of 
increased thermal noise due to the low effective load resistance presented to the 
detector. Nevertheless it is possible to reduce the thermal noise contribution of 
this preamplifier by choosing a transistor with characteristics which give a 
high current gain at a low emitter current in order to maintain the bandwidth 
of the stage. Also an inductance may be inserted at the collector to provide 
partial equalization for any integration performed by the stage. The alternative 
connection giving very low input impedance is the common base circuit. 
Unfortunately this configuration has an input impedance which gives 
insufficient power gain when connected to the high impedance of the optical 
detector. 

The preferred preamplifier configurations for low noise operation use either 
a high impedance integrating front end or a transimpedance amplifier (see Sec¬ 
tions 9.4.2 and 9.4.3). Careful design employing these circuit structures can 
facilitate high gain coupled with low noise performance and therefore 
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enhanced receiver sensitivity. Although the bipolar transistor incorporated in 
the emitter follower circuit may be used to realize a high impedance front end 
amplifier, the FET is generally employed for this purpose because of its low 
noise operation. It was indicated in Section 9.5 that the grounded source FET 
connection was a useful circuit to provide a high impedance front end 
amplifier. The s^e configuration with a source resistor (common source con¬ 
nection) shown in Fig. 10.18 provides a similar high input impedance and may 
also be used (often both configurations are referred to as the common source 
connection). When opiating in this mode the FET power gain and output 
impedance are both high, which tends to minimize any noise contributions 
from the following stages. It is especially the case when the voltage gain of the 
common source stage is minimized in order to reduce the Miller capacitance 
[Ref. 27] associated with the gate to drain capacitance of the FET. This maybe 

achieved by following the common source stage with a stage having a low 
input impedance. 

Two configurations which provide a low input impedance stage are shown 
in Fig. 10,19. Figure 10.19(a) shows the grounded source FET followed by a 
bipolar transistor in the common emitter connection with shunt feedback over 
the stage. Another favored configuration to reduce Miller capacitance in the 
first stage FET is shown in Fig. 10.19(b). In this case the second stage consists 
of a bipolar transistor in the common base configuration which, with the initial 
grounded source FET, forms the cascode configuration. 

The high impedance front end structure provides a very low noise pre¬ 
amplifier design but suffers from two major drawbacks. The first is with regard 
to equalization which must generally be tailored to the amplifier in order to 
compensate for distortion introduced onto the signal. Secondly, the high 
input-impedance approach suffers from a lack of dynamic range which occurs 



Fig. 10.18 An FET common source preamplifier configuration which provide# high inout 
impedance for the photodiode. 
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Fig. 10.19 High input impedance preamplifier configurations: (a) grounQeC source FET 
followed l>v common emitter connection vnth shunt leeaback; (b) cascade 
connection. The separate bias voltage indicates the use of either p-f-n or 
avalanche photodiode. 

because the charge on the input capacitance from the low frequency com¬ 
ponents in the signal builds up over a period of lime, causing premature satura¬ 
tion of the amplifier at high input signal levels. Therefore although the circuits 
shown in Fig. 10.19 arc examples of possible high impedance integrating front 
end amplifier configurations, similar connections may be employed with 
overall feedback (to the first stage) to obtain a transimpedance preamplifier. 

The transimpedancc or diunt feedback amplifier finds wide application in 
preamplifier deiign for optical fiber communications. This front end structure 
which acts ai a curriBb>^U|e converter gives low noise performance without 
thi iMveri UinltMlOil>llllMiidwldth imposod by the high input impedance front 
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Fig. 10.20 Transimpedance frorrt configurations: (a) l^polar transistor design iRefs. 

28 and 29): (b) FET front end and bipolar transistor cascade structure [Ref. 
32|. 


end design. It also provides greater dynamic range than the high input 
impedance structure. However, in practice the noise performance of the 
transimpedance amplifier is not quite as good as that achieved with the high 
impedance structure due to the noise contribution from the feedback resistor 
(see Section 9.4.3). Nevertheless the transimpedance design incorporating a 
large value of feedback resistor can achieve a noise performance which 
approaches that of the high inpedance front end 

Two examples of transimpedance front end configurations are shown in Fig. 
10.20. Figure 10.20(a) illustrates a bipolar transistor structure consisting of a 
common emitter stage followed by an emitter follower [Refs. 28 and 291 with 
overall feedback through resistor Rf, The output signal level from this 
transimpedance pair may be increased by die addition of a second common 
emitter stage [Ref. 301 after the emitter follower. This stage is not usually 
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Rg. 10.21 A typical circuit for an operatk)nal amplifier transimpedance front end [Ref. 
33j, 


included in the feedback loop. An FET front end transimpedance design is 
shown in Fig, 10.20(b) [Ref. 32|. 

The circuit consists of a grounded source configuration followed by a 
bipolar transistor cascade with feedback over the three stages. In this con¬ 
figuration the bias currents for the bipolar stages and the feedback resistance 
may be chosen to give good open loop bandwidth whilst making the noise con¬ 
tribution from these stages negli^ble. 

Finally, for lower-bandwidth, shorler-haul applications an FET operational 
amplifier front end is often adequate (Ref. 331. Such a transimpedance pre¬ 
amplifier circuit which is generally used with a p^i^n photodiode is shown in 
Fig. 10.21. The choice of the operational amplifier is dependent on the gain 
versus bandwidth product for the device. In a simple digital receiver design all 
that may be required in addition to the circuit shown in Fig. 10.21 is a logic 
(e.g. TTL) interface stage following the amplifier. 

10.3.2 Automatic Oain Control (AGO 

It may be noted from the previous section that the receiver circuit must 
provide a steady reverse bias voltage for the optical detector. With a p-i-n 
photodiode this is not critical and a voltage of between 5 and 80 V supplying 
an extremely low current is sufllcient. The avalanche photodiode requires a 
much larger bias voltage of between 100 and 400 V which defines the mul¬ 
tiplication factor for the device. An optimum multiplication factor is usu^y 
chosen so that the receiver signal to noise ratio is maximized (see Section 
9.3.3). The multiplication factor for the APD varies with the device 
temperature (see Section 8.9.5) making provision of fine control for the bias 
voltage necessary in order to maintain the optimum multiplication factor. 
However, the multiplication factor can be held constant by some form of 
automatic laln eoiurel (AOC). An additional advantage in the use of AOC is 
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Fig. 10.22 Bias of art APD with a constant current source to provide simple AGC. 


that it reduces the dynamic range of the signals applied to the preamplifier 
giving increased optical dynamic range at the receiver input. 

One method of providing AGC is simply to bias the APD with a constant 
d.c. current source 1^^ as illustrated in Fig. 10.22. The constant current 
source is decoupled by a capacitor C at all signal frequencies to prevent gain 
modulation. When the mean optical input power is known, the mean current to 
the APD is defined by the bias which gives a constant multiplication factor 
(gain) at ail temperatures. Any variation in the multiplication factor will 
produce a variation in the charge on C, thus adjusting the biassing of the APD 
back to the required multiplication factor. Therefore the output current from 
the photodetector is only defined by the input current from the constant 
current source, giving full automatic gain control. However, this simple AGC 
technique is dependent on a constant, mean optical input power level, and takes 
no account of dark current generated within the detector. 



S9\ pk-pi 
output volU 


Fig. 10.23 Bias of ar> APO by paak detection and feedback to provide AGC. 
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A more widely used method which allows for the effect of variations in the 
detector dark current whilst providing critical AGC is to peak detect the a.c. 
coupled signal after suitable low noise amplificadon as shown in Fig. 10.23. 
The signal from the final stage of the main amplifier is compared with a preset 
reference level and fed back to adjust the high voltage bias supply in order to 
maintain a constant signal level. This effectively creates a constant current 
source with the dark current subtracted. 

A further advantage of this technique is that it may also be used to provide 
AGC for the main amplifier giving full control of the receiver gain. 

A digital receiver circuit for an A PD employing full AGC is shown in Fig. 
10.24 IRef. 341. The APD is followed by a transimpedance preamplifier 
employing bipolar transistors^ the output of which is connected into a main 
amplifier consisting of a variable gain amplifier followed by a fixed gain 
amplifier. The first stage of the main amplifier is provided by a dual gale FET 
which gives a variable gain over a range of 20 dB. This variable gain amplifier 
also incorporates two stages* each of which consist of an emitter coupled pair 
with a gain variation of 14 dB. The following fixed gain amplifier gives a 2 V 
peak to peak signal to the low pass filter, the output of which is maintained at 
1 V peak to peak by che AGC. Peak detection is provided in the AGC where 
the signal level is compared with a preset reference prior to control of the gain 
for both the APD and the main amplifier. The gain of the APD is controlled 
via a simple d.c. to d.c. converter which supplies the bias from a low voltage 
input, whereas the gain of the main amplifier is controlled by an input on the 
dual gate FET front end. This circuit allows a gain variation of 26 and 47 dB 
for the APD and the main amplifier respectively. The APD bias circuit is 
designed to protect the device against possible excess power dissipation at very 
high optical input power levels as well as excess power dissipation when there 
is no optical input. 

10.3.3 Equalization 

The linear channel provided by the optical fiber receiver is often required to 
perform equalization as well as amplification of the detected optical signal. In 
order to discuss the function of the equalizer it is useful to assume the light 
falling on the detector to consist of a series of pulses given by: 

+00 

p„it)= Z a^h^(l-kx) (10.1) 

where hp(t) is the received pulse shape, u* = 0 or I corresponding to the binary 
information transmitted and t is the pulse repetition time or pulse spacing. In 
digital transmission t corresponding to the bit period, although the pulse length 
does not necessarily fill the entire lime period t. For a typical optical fiber link, 
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the received pulse shape is dictated by the transmitted pulse shape h^(t) and the 
fiber impulse response hf(t) following: 

Ap(0 = A,(0*AfW (10 2) 

where • denotes convolution. Hence determination of the received pulse shape 
requires knowledge of the fiber in^ulse response which is generally difficult to 
characterize. However, it can be shown IRefi 371 for fiber which exhibits mode 
coupling, that the impulse response is close to a Gaussian shape in both the 
time and frequency domain. 

It is likely that the pulses given by Eq. (10.1) will overlap due to pulse 
broadening caused by dispersion on the link giving intersymbol interference 
(ISI). Following detection and amplification Eq.(lO.l) may be written in terms 
of a voltage ^*(0 






(10.3) 


where the response includes any equalization required to compensate for 
distortion (e.g. integration) introduced by the amplifier. Therefore, although 
there is equalization for degradations caused by the amplifier, distortion 
caused by the channel and the resulting intersymbol interference is still 
included in A* (f - kt). The pulse overlap causing this intersymbol interference 
may be reduced through the incorporation of a suitable equalizer with a fre¬ 
quency response such that: 




{hM 


(10.4) 


where A„„,(t) is the desired output pulse shape and 7 indicates Fourier 
transformation. A block diagram indicating the pulse shapes in the time and 
frequency domains at the various points in an optical fiber system is shown in 
Fig. 10.25. 

An equalizer characterized by Eq. (10.4) will provide high Irequency 
enhancement in the linear channel to compensate for high frequency roll off in 
the received pulses, thus ^ving the desired pulse shape. However, in order to 
construct such an equalizer we require knowledge of k^{t) and therefore hp{t). 
In turn this needs information on the fiber impulse response/if(0 which may not 
be easily obtained. 

Nevertheless the conventional transversal equalizer shown in Fig. 10.26 
may be incorporated into the linear channel to keep ISI at tolerable levels, even 
if it is difficult to design a circuit which gives the optimum system response 
indicated in Eq. (10.4). 
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Fig. 10.25 Block sc^emalic of an optical fibar systam illustrating the transmitted and 
received ODllcal pulea shapes together with electrical pulse shape at the 
linear channel output. 


The transversal equalizer consists of a delay line tapped at T£ second 
intervals. Each tap is connected through a variable gain device with tap 
coefncients Ci to a summing aitipliTier. Intersymbol interference is reduced by 
filtering the input signal and by the computing values for the tap coefficients 
which minimize the peak ISI. It is likely that further reduction in ISI will be 
accomplished using adaptive equalization which has yet to be rigorously 
applied to optical fiber communications. This topic is discussed further in 
Ref. 40. 



ng. 10.26 The transversal squallzer emploving a tapped delay line. 
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10.4 SYSTEM DESIGN CONSIDERATIONS 

Many of the problems associated with the design of optical fiber communica¬ 
tion systems occur as a result of the unique properties of the glass fiber as a 
transmission medium. However, in common with metallic line transmission 
systems, the dominant design criteria for a specific application using either 
digital or analog transmission techniques arc the required transmission 
distance and the rate of information transfer. 

Within optical fiber communications these criteria are directly related to the 
major transmission characteristics of the fiber, namely optical attenuation and 
dispersion. Unlike metallic conductors where the attenuation (which tends to 
be the dominant mechanism) can be adjusted by simply changing the con¬ 
ductor size, entirely different factors limit the information transfer capability of 
optical fibers (see Chapter 3). Nevertheless it is mainly these factors, together 
with the associated constraints within the terminal equipment, which finally 
limit the maximum distance that may be tolerated between the optical fiber 
transmitter and receiver. Where the terminal equipment is more widely spaced 
than this maximum distance, as in long-haul telecommunication applications, 
it is necessary to insert repealers at regular intervals as shown in Fig. 10,27. 
The repeater incorporates a line receiver in order to convert the optical signal 
back into the electrical regime where, in the case of analog transmission, it is 
amplified and equalized (see Section 10.3.3) before it is retransmitted as an 
optical signal via a line transmitter. When digiul transmission techniques are 
used the repeater also regenerates the original digital signal in the electrical 
regime (a regenerative repeater which is often simply called a regenerator) 
before it is retransmitted as a digital optical signal. In this case the repeater 
may additionally provide alarm, supervision and engineering order wire 
facilities. 

The installation of repealers substantially increases the cost and complexity 
of any line communication system. Hence a major design consideration 
for long-haul iclecommunicalion systems is the maximum distance of 
unrepealered transmission so that the number of intermediate repeaters may 
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ns. 10i87 Thi uM ot repeitara In a lon^haul optical fiber communicetlon evstem. 
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be reduced to a minimum. In this respect optical fiber systems display a 
marked improvement over alternative line transmission systems using metallic 
conductors. However»this major advantage of c^tical fiber communications is 
somewhat reduced due to the present requirement for electrical signal process¬ 
ing at the repeater. This necessitates the supply of electrical power to the inter¬ 
mediate repeaters via metallic conductors as may be observed in Fig. 10,27. 

Before any system design procedures can be initiated it is essential that 
certain basic system requirements are specified. These specifications include: 

(a) transmission type: digital or analog; 

(b) acceptable system fidelity generally specified in terms of the received BER 
for digital systems or the received SNR and signal distortion for analog 
systems; 

(c) required transmission bandwidth; 

(d) acceptable spacing between the terminal equipment or intermediate 
repeaters; 

(e) cost; 

(f) reliability. 

However, the exclusive use of the above specifications inherently assumes that 
system components are available which will allow any system, once specified, 
to be designed and implemented. Unfortunately this is not always the case, 
especially when the desired result is a wideband, long-haul system. In this 
instance it may be necessary to make choices by considering factors such as 
availability, reliability, cost and ease of installation and operation, before 
specifications (a)-(d) can be fully determined. A similar approach must be 
adopted in lower-bandwidth, shorter* haul applications where there is a require¬ 
ment for the use of specific components which may restrict the system perfor¬ 
mance. Hence it is likely that the system designer will find it necessary to con¬ 
sider the possible component choices in conjunction with the basic system 
requirements. 


10.4.1 Component Choice 

The system designer has many choices when selecting components for an 
optical fiber communication system. In order to exclude certain components at 
the outset it is useful if the operating wavelength of the system is established 
(i.e. shorter wavelength region 0.8-0.9|ira or longer wavelength region 
1.1-1.6 |im). This decision will largely be dictated by the overall requirements 
for the system performance, the ready availability of suitable reliable com¬ 
ponents, and cost. Hence the major component choices are: 

(a) Optical fiber type and parameters. Multimode or single mode; size, refrac¬ 
tive index profile, attenuation^ dispersion, mode coupling, strength, cabling, 
jointing, etc. 
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(b) Source type and characteristics. Laser or LED; optical power launched 
into the fiber, rise and fall time, stability, etc. 

(c) Transmitter configuration. Design for digital or analog transmission; input 
impedance, supply vohage, dynamic range, optical feedback, etc. 

(d) Detector type and characteristics, p-n^ p—i—n^ or avalanche photodiode; 
responsivity, response time, active diam^er, bias voltage, dark current, etc. 

(e) Receiver configuration. Preamplifier design (low impedance, high impe¬ 
dance or transimpedance front endX BER or SNR, dynamic range, etc. 

(f) Modulation and coding. Source intensity modulation; using pulse modula¬ 
tion techniques for either digital (e.g. pulse code modulation, adaptive delta 
modulation) or analog (pulse amplitude modulation, pulse frequency 
modulation, pulse width modulation, pulse position modulation) transmis¬ 
sion. Also encoding schemes for digital transmission such as biphase 
(Manchester) and delay modulation (Miller) codes [Ref. 7]. Alternatively 
analog transmission using direct intensity modulation or frequency modu¬ 
lation of the dectrical subcarrier (subcarrier FM). In the latter technique 
the frequency of an electrical subcarrier is modulated rather than the fre- 
quency of the optical source as would be the case with direct frequency 
modulation. The electrical subcarrier, in turn, intensity modulates the 
optical source (see Section 10.7.5). 

Digital and analog modulation techniques which require coherent detec^ 
tion are under investigation but system components which will permit these 
modulation methods to be utilized are not widely available (see Section 
10 . 8 ). 

Decisions in the above areas are interdependent and may be directly related to 
the basic system requirements. The potential choices provide a wide variety of 
economic optical fit^r communication systems. However, it is necessary that 
the choices are made in order to optimize the system performance for a 
particular application. 

10.4.2 Multiploxing 

In order to maximize the information transfer over an optical fiber com¬ 
munication link it is usual to multiplex several signals onto a single fiber. It is 
possible to convey these multichannel signals by multiplexing in the electrical 
time or frequency domain, as with conventional dectrical line or radio com- 
rhunication, prior to intensity modulation of the optical source. Hence, digital 
pulse modulation schemes may be extended to multichannel operation by time 
division multiplexing (TDM) narrow pulses from multiple modulators under 
the control of a common clock. Pulses from the individual channels are 
interleaved and transmitted sequentially, thus enhancing the bandwidth utiliza¬ 
tion of a single fiber link. 

Altemgtlvcly, a number of baseband channels may be combined by fre¬ 
quency division mult^lexinf (FDM). te FDM the optical channel bandwidth 
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is divided into a number of nonoverlapping frequency bands and each signal is 
assigned one of these bands of frequencies. The individual signals can be 
extracted from the combined FDM signal by appropriate electrical filtering at 
the receive terminal. Hence frequency division multiplexing is generally per¬ 
formed electrically at the transmit terminal prior to intensity modulation of a 
single optical source. However, it is possible to utilize a number of optical 
sources each operating at a different wavelength on the single fiber link. In this 
technique, often referred to as wavelength division multiplexing (WDM), the 
separation and extraction of the multiplexed signals (i.e. wavelength separa¬ 
tion) is performed with optical filters (e.g. interference filters, diffraction 
grating filters, or prism filters) IRef. 4I|. 

Finally, a multiplexing technique which does not involve the application of 
several message signals onto a single fiber is known as space division mul¬ 
tiplexing (SDM), In SDM each signal channel is carried on a separate fiber 
within a fiber bundle or multifiber cable form. The good optical isolation 
offered by fibers means that cross coupling between channels can be made 
negligible. However, this technique necessitates an increase in the number of 
optical components required (e.g. fiber, connectors, sources, detectors) within 
a particular system and therefore is not widely used. 


10.5 OIQITAL 8Y8TEM$ 

Most of the future expansion of the telecommunication network is being 
planned around digital telephone exchanges linked by digital transmission 
systems. The shift towards digitizing the network followed the introduction of 
digital circuit techniques and, especially, integrated circuit technology which 
made the transmission of discrete time signals both advantageous and 
economic. Digital transmission systems generally give superior performance 
over their analog counterparts as well as providing an ideal channel for data 
communications and compatibility with digital computing techniques. 

Optical fiber communication is well suited to baseband digital transmission 
in several important ways. For instance, it offers a tremendous advantage with 
regard to the acceptable signal to noise ratio (SNR) at the optical fiber receiver 
over analog transmission by some 20-30 dB (for practical systems) as 
indicated in the noise considerations of Section 9.2. Also the use of baseband 
digital signalling reduces problems involved with optical source (and some¬ 
times detector) nonlinearities and temperature dependence which may severely 
affect analog transmission. Therefore, most high capacity optical fiber com¬ 
munication systems convey digital information in the baseband using intensity 
modulation (IM) of the optical source. 

In common with electrical transmission systems, analog signals (e.g. speech) 
may be digitized for transmission utilizing pulse code modulation (PCM). 
Encoding the analog signal into a d^tal bit pattern is performed by Initially 
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sampling the analog signal at a frequency in excess of the Nyquist rate (i.e. 
greater than twice the maximum signal frequency). Within the European 
telecommunication network where the 3 dB telephone bandwidth is defined as 
3.4 kHz, the sampling rale b 8 kHz. Hence, the amplitude of the constant 
width sampling pulses varies In propoition to the sample values of the analog 
signal giving a discrete time signal known as pulse amplitude modulation 
(PAM) as indicated in Fig. 10.28. The sampled analog signal is then quantized 
into a number of discrete levels, each of which are designated by a binary code 
which provides the PCM signal. This process is also illustrated in Fig. 10.28 
using a linear quantizer with ei^t levels (or seven steps) so that each PAM 
sample is encoded into three binary bits. The analog signal is thus digitized and 
may be transmitted as a baseband signal or alternatively be modulated by 
amplitude, frequency or phase shift keying (Ref. 431. However, in practical 
PCM systems for speech transmission, nonlinear encoding (A law in Europe 
and ji law in North America) is generally employed over 128 levels (2’) giving 
eight binary bits per sample (seven bits for code levels plus one polarity bit). 
Hence, the bandwidth requirement for PCM transmission is substantially 
greater (in this case by a factor of approximately 16) than the corresponding 
baseband analog transmission. This is not generally a problem with optical 
fiber communications because of the wideband nature of the optical channel. 

Nonlinear encoding may be implemented via a mechanism known as com¬ 
panding where the input signal is compressed before transmission to give a 
nonlinear encoding characteristic and expanded again at the receive terminal 
after decoding. A typical nonlinear input-output characteristic giving com¬ 
pression is shown in Fig. 10.29. Companding is used to reduce the quantiza¬ 
tion error on small amplitude analog signal levels when they are encoded from 
PAM to PCM. The quantization error (Le. the rounding off to the nearest 



ngi 10.2$ The quintlietfen and encoding of en analog signal Into PCM using a linear 
quentlier with eight levela. 
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Fig. 10.29 A typical nonlinear input-output characteristic which provides compression. 


discrete level) is exhibited as distortion or noise on the signal (often called 
quantization noise). Companding tapers the step size, thus reducing the 
distance between levels for small amplitude signals whilst increasing the 
distance between levels for higher amplitude signals. This substantially reduces 
the quantization noise on small amplitude signals at the expense of slightly 
increased quantization noise, in terms of signal amplitude, for the larger signal 
levels. The corresponding SNR improvement for small amplitude signals sig¬ 
nificantly reduces the overall signal degradation of the system due to the 
quantization process. 

A block schematic of a simplex (one direction only) baseband PCM system 
is shown in Fig. 10.30(a). The optical interface is not shown but reference may 
be made to Fig. 10.1 which illustrates the general optical fiber communication 
system. It may be noted from Fig. 10.30(a) that the received PCM waveform is 
decoded back to PAM via the reverse process to encoding, and then simply 
passed through a low pass filter to recover the original analog signal. 

The conversion of a continuous analog waveform into a discrete PCM 
signal allows a number of analog channels to be time division multiplexed 
(TDM) for simultaneous transmission down one optical fiber link as illustrated 
in Fig. 10.30(b). The encoded samples from the difTerent channels are 
interleaved within the multiplexer to give a single composite signal consisting 
of all the interleaved pulses. This signal is then transmitted over the optical 
channel. At the receive terminal the interleaved samples are separated by a 
synchronous switch or demultiplexer before each analog signal is recon¬ 
structed from the appropriate set rf samples. Time division multiplexing a 
number of channels onto a single link can be used with any form of digital 
transmission and is frequently employed in the transmission of data as well as 
with the transmission of digitized analog signals. However, the telecommunica¬ 
tion network is primarily designed for the transmission of analog speech 
signals although the compatibility of PCM with data signals has encouraged 
the adoption of digital transmission systems. 
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A current European standard for speech transmission using PCM on 
metallic conductors (Le. coaxial line) is the 30 channel system. In this system 
the PAM samples from each channel are encoded into eight binary bits which 
are incorporated into a single time slot. Time slots from respective channels are 
interleaved (multiplexed) into a frame consisting of 32 time slots. The two 
additional time slots do not carry encoded speech but signalling and synchro¬ 
nization information. Finally, 16 frames are incorporated into a raultiframc 
which is a self-contained timing unit. The timing for this line signalling 
structure is shown in Fig. 10.31 and calculated in example 10.1. 


Exampla 10.1 

The sampling rate for each speech channel on the 30 channel PCM system is 8 kHz 
and each sample is er>coded Into eight bits. Determine: 

(a) the transmission or bit rate for the system; 

(b) the duration of a time slot; 

(c) the duration of a frame and muitiframe. 

Solution: {a I The 30 channel PCM system has 32 time slots each eight bits wide 
which make up a frame. Therefore. 

number of bits In a frame ^ 32 x 8 = 256 bits 

Thli frame muit bt trinamlttsd within the aampling period and thus 8x10’ frames 
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are transmitted per second. Hence, the transmission rate for the system is: 

8 X 10* X 256 =; 2.048 Mbit 
(b) The bit duration is simply: 


1 

-- 488 ns 

2.048 X 10* 

Therefore, the duration of a time slot is: 

8 X 488 ns 3.d |is 
(c) The duration of a frame i$ thus: 

32 X 3.9 ^s » 125 ^ 
and the duration of a multiframe Is: 

16 X 125 |is as 2 ms 


The signalling struciure shown in Fig. 10.31 applies to 30 channel PCM 
systems which were originally designed to transmit over metallic conductors 
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Fig, 10.31 The timing tor the line signalling structure of the European standard 30 
channel PCM system: (a) bits per time slot; (b> time slots per frame; 
Ic) frames par multiframe. 
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Table 10.1 Digital bit rates for multichannel PCM transmission 
transmission in Europe and North America 



Europe 

North America 

Telephone 

Bit rates 

Telephone 

Bit rates 

channels 

Mbits-’ 

channels 

Mbit s-' 

30 

2.048 

24 

1.544 

120 

8.448 

48 

3.152 

480 

34.368 

96 

6.312 

1920 

139.364 

672 

44.736 

7680 

&6&.000 

4032 

274.176 


using a high density bipolar line code (HDB 3). The increased bandwidth with 
optical fiber communications allows transmission rates far in excess of 
2.048 Mbit s’’. Therefore an increased number of telephone channels may be 
sampled* encoded* multiplexed and transmitted on an optical fiber link. In 
Europe the increased bit rales were chosen as multiples of the 30 channel 
system, whereas in North America they tend to be multiples of a 24 channel 
system. These bit rates and the corresponding number of transmitted telephone 
channels are specified in Table 10.1. 

It must be noted that a bipolar code with a zero mean level (i.e. with positive 
and negative going pulses in the electrical regime) such as HDB 3 cannot be 
transmitted directly over an optical fiber link unless the mean level is raised to 
allow both positive and negative going pulses to be transmitted by the intensity 
modulated optical source. The resultant ternary (three level) optical transmis¬ 
sion is not always suitable for telecommunication applications and therefore 
binary coding after appropriate scrambling, biphase (Manchester encoding), 
delay modulation (Miller encoding), etc., is often employed. This involves 
additional complexity at the transmit and receive terminals as well as 
necessitating extra redundancy (i.e. bits which do not contain the transmitted 
information, thus giving a reduction in the information per transmitted symbol) 
in the line code. This topic is considered in greater detail in Section 10.6.7. 

10.6 DIGITAL SYSTEM PLANNING CONSIDERATIONS 

The majority of digital optical fiber communication systems for the telecom¬ 
munication network or local data i 4 >plications utilize binary intensity modula¬ 
tion of the optical source. Therefore we choose to illustrate the planning 
considerations for digital traiismisuoa based on this modulation technique. 
Baseband PCM transmission using source intensity modulation is usually 
deiignated as PCM-IM. 
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10.6.1 The Regenerative Repeater 

In the case of the long-haul, high-capacity digital systems, the most important 
overall system performance parameter is the spacing of the regenerative 
repeaters. It is therefore useful to consider the performance of the digital 
repeater, especially as it is usually des^ned with the same optical components 
as the terminal equipment. Figure 10.32 shows the functional parts of atypical 
regenerative repeater for optical fiber communications. The attenuated and 
dispersed optical pulse train is detected and amplified in the receiver unit. This 
consists of a photodiode followed by a low noise preamplifier. The electrical 
signal thus acquired is given a further increase in power level in a main ampli¬ 
fier prior to reshaping in order to compensate for the transfer characteristic of 
the optical fiber (and the amplifier) using an equalizer. Depending on the 
photodiode utilized, automatic gain control may be provided at this stage for 
both the photodiode bias current and the main amplifier (see Section 10.3.2), 

Accurate timing (clock) information is then obtained from the amplified and 
equalized waveform using a timing extraction circuit such as a ringing circuit 
or phase locked loop. This enables precise operation of the following 
regenerator circuit within the bit intervals of the original pulse train. The func¬ 
tion of the regenerator circuit is to reconstitute the originally transmitted pulse 
train, ideally without error. This can be achieved by setting a threshold above 
which a binary one is registered, and below which a binary zero is recorded, as 
indicated in Fig. 10.32. The regenerator circuit makes these decisions at times 
corresponding to the center of the bit intervals based on the clock information 
provided by the timing circuit. 

Hence the decision times are usually set at the mid-points between the deci¬ 
sion level crossings of the pulse train. The pulse train is sampled at a regular 
frequency equal to the bit rate, and at each sample instant a decision is 
made of the most probable symbol being transmitted. The symbols are 
then regenerated in their original form (either a binary one or zero) before 
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retransmission as an optical signal using a source operated by an electronic 
drive circuit. Hence the possible regeneration of an exact replica of the 
originally transmitted waveform is a major advantage of digital transmission 
over corresponding analog systems. Repeaters in analog systems filter, 
equalize and amplify the received waveform, but are unable to reconstitute the 
originally transmitted waveform entirely free from distortion and noise. Signal 
degradation in long-haul analog systems is therefore accumulative being a 
direct function of the number of repeater stages. In contrast the signal 
degradation encountered in PCM systems is purely a function of the quantiza¬ 
tion process and the system bit error rate. 

Errors may occur in the regeneration process when: 

(a) The signal to noise ratio at the decision instant is insufficient for an 
accurate decision to be made. For instance, with high noise levels, the 
binary zero may occur above the threshold and hence be registered as a 
binary one. 

(b) There is inter symbol interference due to dispersion on the optical fiber link. 
This may be reduced by equalization which forces the transmitted binary 
one to pass through zero at all neighboring decision times. 

(c) There is a variation in the clock rate and phase degradations (jitter) such 
as distortion of the zero crossings and static decision time misalignment. 

A method which is often used to obtain a qualitative indication of the perfor¬ 
mance of a regenerative repeater or a PCM system is the examination of the 
received waveform on an oscilloscope using a sweep rate which is a fraction ^of 
the bit rate. The display obtained over two bit intervals duration, which is the 
result of superimposing all possible pulse sequences is called an eye pattern or 
diagram. An illustration of an eye pattern for a binary system with little distor¬ 
tion and no additive noise is shown in Fig. 10.33(a). It may be observed that 
the pattern has the shape of a human eye which is open and that the decision 
time corresponds to the center of the opening. To regenerate the pulse 
sequence without error the eye must be open thereby indicating a decision area 
exists, and the decision crosshair (provided by the decision time and the deci¬ 
sion threshold) must be within this open area. The effect of practical degrada¬ 
tions on the pulses (i.e. intersymbol interference and noise) is to reduce the size 
of, or close, the eye as shown in Fig. 10.33(b). Hence for reliable transmission 
it is essential that the eye is kept open, the margin against an error occurring 
being the minimum distance between the decision crosshair and the edge of the 
eye. 

In practice, a low bit error rate (BHl) in the region 10"’-10"'^ may be 
tolerated with PCM transmission. However, with data transmission (e.g. com¬ 
puter communications) any error can cause severe problems, and it is 
necessary to incorporate error detecting and possibly correcting circuits into 
the regenerator. This invariably requires the insertion of a small amount of 
redundancy into Uw truimitted pulse train (see Section 10.6.7). 
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Fig. 10.33 Eye patterns »n binary digital transmission: (a) the pattern obtained with a 
bandwidth limitaiion but no additive noise (open eye); (b) the pattern 
obtained with a bandwidth limitation and additive noise (partially closed eye). 


Calculation of the possible repeater spacing must take account of the follow¬ 
ing system component performances: 

(a) The average optical power launched into the fiber based on the end of life 
transmitter performance. 

(b) The receiver input power required to achieve an acceptably low BER (e.g. 
10“^), taking into account component deterioration during the system*s 
lifetime. 

(c) Tbe installed fiber cable loss, including jointing and coupling (to source 
and detector) losses as well as the effects of ageing and from anticipated 
environmental changes. 

(d) The temporal response of the system including the effects of pulse disper¬ 
sion on the channel. This becomes an important consideration with high bit 
rate multimode fiber systems which may be dispersion limited. 

These considerations are discussed in detail in the following sections. 

10»6.2 Th« Optical Tranamitter 

The average optical power launched into the fiber from the transmitter 
depends upon the type of source used and the required system bit rate as 
indicated in Section 10.2.1. These factors may be observed in Fig, 10,34 |Ref. 
45] which compares the optical power available from an injection laser and an 
LED for transmission over a multimode fiber with a core diameter of 50 \xm 
and a numerical aperture of 0.2, Typically the laser launches around 1 mW 
whereas usually the LED is limited to about 100 pW. It may also be noted that 
both device types emit less optical power at higher bit rates. However, the 
LED gives reduced output at modulation bandwidths in excess of 50 MHz 
whereas laser output is unaffected below 200 MHz, Also the fact that generally 
the optical power which may be launched into a fiber from an LED even at 
low bit •rates is 10-15 dB down on that available from a laser is an important 
consideration, especially when receiver noise is a limiting factor within the 
system. 
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The average power launched into multimode optical fiber from typical Injec¬ 
tion lasers and LEDs as a function of digital bit rate (upper bands}. Also 
Included In the lower band is the received optical power required for binary 
NR2 pulses transmitted with a 6ER of 10"^. Reproduced with permission 
from D. C. Gioge and T LI. 'Multimode-fiber technology for digital trana- 
miaslon', Proc. I€BB. 6ft. p. 1269, 1980- CopyrightO 1980 IEEE. 


10.6«3 The Optical Receiver 

The input optical power required at the receiver is a function of the detector 
combined with the electrical components within the receiver structure. It is 
strongly dependent upon the noise (i.e. quantum, dark current and thermal) 
associated with the optical fiber receiver. The theoretical minimum pulse 
energy or quantum limit required to maintain a given BER was discussed in 
Section 9.2.4. 

It was predicted that approximately 21 incident photons were necessary at 
an ideal photodetector in order to register a binary one with a BER of 10"’. 
However, this is a fundamental limit which cannot be achieved in practice and 
therefore it is essential that esfimates of the minimum required optical input 
power arc made in relation to practical devices and components. 

Although the statistics of quantum noise follow a Poisson distribution, other 
important sources of noise within practical receivers (e.g. thermal) are 
characterized by a Gaussian probability distribution. Hence estimates of the 
required SNR to maintain particular bit error rates may be obtained using the 
procedure adopted for error performance of electrical digital systems where 
the noise distribution is considered to be white Gaussian. This Gaussian 
approximation [Ref. 46] is suificiently accurate for design purposes and is far 
easier to evaluate than the more exact probability distribution within the 
receiver IRif. 47]« The receiver sensitivities calculated by using the Gaussian 
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approximation are generally within 1 dB of those calculated by other methods 
[Ref. 29]. 

Although the transmitted signal consists of two well-defined light levels, in 
the presence of noise the signal at the receiver is not as well defined. This situa¬ 
tion is shown in Fig. 10,35(a) which illustrates a binary signal in the presence 
of noise. The signal plus the additive noise at the detector may be defined in 
terms of the probability density functions (PDFs) shown in Fig. 10.35(b). 
These PDFs describe the probability that the input current (or output voltage) 
has a value / (or v) within the incremental range d/(or dv). The expected values 
of the signal in the two transmitted states, namely 0 and 1, are indicated by 
Po(x) and P\(x) respectively. When the additive noise is assumed to have a 
Gaussian distribution, the PDFs of the two states will also be Gaussian. The 
Gaussian PDF which is continuous is defined by: 



txp-\(x - my/2(y^ \ 


(10.5) 


where m is the mean value and o the standard deviation of the distribution. 
When p(x) describes the probability of detecting a noise current or voltage, o 
corresponds to the rms value of that current or voltage. 

If a decision threshold D is set between the (wo signal states as indicated in 
Fig. 10.35, signals greater than D are registered as a one and those less than D 
as a zero. However, when the noise current (or voltage) is sufficiently large it 
can either decrease a binary one to a zero or increase a binary zero to a one. 
These error probabilities are given by the integral of the signal probabilities 



Fig. 1Q.35 Binary transmission: (a) the binary signal with additive noise; (b) probabilltv 
density functions for the binary signal showing the decision case. P(0/1) Is 
the probability of falsely Identif^ng a binary one and P(1/0) la the probability 
of falsely identifying a binary zero. 
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outside the decision region. Hence the probability that a signal transmitted as a 
1 is received as a 0, P(0/l), is proportional to the shaded area indicated in Fig. 
10.35(b). The probability that a signal transmitted as a 0 is received as a 1, 
P( 1/0), is similarly proportional to the other shaded area shown in the figure. If 
F(l) and P{0) are the probabilities of transmission for binary ones and zeros 
respectively, then the total probability of error F(e) may be defined as: 

i>(e) = P{l)P(0/\) + F(0)P(i/0) (10.6) 

Now let us consider a signal current 4i^ together with an additive noise 
current and a decision threshold set at D = r’o. If at any time when a binary 
1 is transmitted the noise current is negative such that: 


ifi < —Csig “ fo) 


(10.7) 


then the resulting current will be less than ip and an error will occur. 

The corresponding probability of the transmitted I being received as a 0 may 
be written as: 


/>(0/l)= p 


( 10 . 8 ) 


and following Eq. (10.5): 


Piix) = p{i,U) = 


I 


exp 


_ r (/-4i.)n 

L 2 (?^) J 


(^)V(2n) 

= Gsnli,4g,(^)+l 


(10.9) 


( 10 . 10 ) 


where i is the actual current, is the peak signal current during a binary 1 
(this corresponds to the peak photocurrent Ip when only a signal component is 
present), and 1% is the mean square noise current. Substituting Eq, (10.10) into 
Eq. (10.8) gives: 


i»(o/i)= rGsii[i,i^,(7|;)*idi 


( 10 , 11 ) 


Similarly, the probability that a binary 1 will be received when a 0 is 
transmitted is the probability that the received current will be greater than ip at 
some time during the zero bit interval It is given by: 


r 

•'{D 


i>(l/0)= p(.-,0) 


( 10 . 12 ) 


Assuming the mean square noise current in the zero state is equal to the 
mean square noise current in the one sute (1^) (this is an approximation if shot 
nolleli domlMM^ eBAtiMtror ■ zero bit - 0, then following Eq. (10.5): 
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Po(x) =p(i, 0) = ^ exp - r ^ 1 

L 2(r?j) J 

(10.13) 

= Gsn [/,0,(i?,)M 

(10.14) 

Hence substituting Eq. (10.14) into Eq. (10.12) gives: 


/»(l/0)=r Gsn [r, 0. (rl)H d/ 

•'to 

(10.15) 

The integrals of Eqs. (10.11) and (10.15) are not readily evaluated but may 
be written in terms of the error function (erf)* where: 

2 c" 

erf(u)*-- 7 - exp(-z^)dz 
y/« Jo 

(10.16) 

and the complementary error function is: 


erfc (a) = 1 - erf (a) = ^ P exp (-z^) dz 

ynj^ 

(10.17) 

Hence 




- j erfc ) 

’ \(/^)V2 / 

(10.18) 

and 


ni/0)-ierfc ( ) jerfe ( ) 

'(|•i^,)V2/ ^ W^)V2/ 

(10.19) 


If we assume that a binary code is chosen such that the number of 
transmitted ones and zeros are equal, then P{0) = P(l) = and the net 
probability of error is one half the sum of the shaded areas in Fig. 10.35(b). 
Therefore Eq. (10.6) becomes: 

P(e) = ili»(0/l) + P{1/0)I (10.20) 

and substituting for P(0/1) and P(l/0) from Eqs. (10.18) and (10.19) gives: 


•Another form of the error fuaction denoted by Erf is defined in problem 10.10, 








OPTICAL FIBER SYSTEMS 


431 




( 10 . 21 ) 


Equation (10.21) may be simplifled by setting the threshold decision level at 
the mid-point between zero current and the peak signal current such that 

electrical systems this situation corresponds to an equal 
minimum probability of error in both states due to the symmetrical nature of 
the PDFs. It must be noted that for optical fiber systems this is not generally 
the case since the noise in each signal state contains shot noise contributions 
proportional to the signal level. Nevertheless assuming a Gaussian distribution 
for the noise and substituting ip =fsig/2 into Eq. (10.21) we obtain: 






( 10 . 22 ) 


The electrical SNR at the detector may be written in terms of the peak 
signal power to rms noise power (mean square noise current) as: 


N I 


(10.23) 


Comparison of Eq. (10.23) with Eq. (10.22) allows the probability of error to 
be expressed in terms of the analog SNR a$: 




= ^erfc ^ 


(S/N)^ 

2x/2 


(10.24) 


Estimates of the required SNR to maintain a given error rate may be 
obtained using the standard table for the complementary error function. A plot 
of P{e) against | erfc (u) is shown in Fig. 10.36(a). This may be transposed 
into the characteristic illustrated in Fig. 10.36(b) where the bit error rate which 
is equivalent to the error probability F(e) is shown as a function of the SNR 
following Eq. (10.24). 


Example 10.2 


tiling the Giuiilan approximation determine the required signal to noise ratios 
(optical and alactrlcal) to maintain a BER of 10'*on a baseband binary digital optical 
fiber link, ft may ba aMumed that the declaloo threshold Is set midway between the 
ona and tha lere Itvtl end that 2 x 10^S8rfc4.24. 

tha probability of arror la given by 




- 
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Eq. (10.24) where, 


Hence 


( (S/N)^ \ 

- I = 10-® 

2v'2 / 


( <S/N)* \ 

-) =2 X 10-* 

/ 


and 

(S/N)! 

-= 4.24 

2y/2 


giving 

(S/N)^ = 4.24 X 2y/2 =r 12 

The optical SNR,may be defined in terms of (he peak current and rms noise 

current a a Therefore using Eq. (10.23): 




» 12or lO.SdB 


The electrical SNR is defined by Eq. (10.23) as: 


lie S 

s 144or21 6de 

iU N 


These results for the SNRs may be seen to correspond to a bit error rate of 
on the curve shown in Fig. I0.3$(b). 


However, the plot shown in Fig. 10.36(b) does not reflect the best possible 
results, or those which may be obtained with an optimized receiver design. In 
this case, if the system is to be designed with a particular BER, the appropriate 
value of the error function is established prior to adjustment of the parameter 
values (signal levels, decision threshold level, avalanche gain, component 
values, etc.) in order to obtain this BER [Ref. 48). It is therefore necessary to 
use the generalized forms of Eqs. (10.18) and (10.19) where: 

wher^i^i an^(,i,o &re the signal currents, in the 1 and 0 states respectively, 
and and are the corresponding mean square noise currents which may 
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Fig. 10.36 (a) A plat of the probability of error ^rfc(4i) against the argument of the error 

function u. (b) The bit error rate as a function of both the ratio of peak signal 
power to rms noise power (electrical SNR) and the ratio of peak signal 
current to rms noise current (optical SNR) for binary transmission. 


include both shot and thermal noise terms. Equ^uions (10.25) and (10.26) 
allow a more exact evaluation of the error performance of Che digital optical 
fiber system under the Gaussian approximation [Refs. 48 and 491. 
Unfortunately this approach does not give a simple direct relationship between 
the 6ER and the analog SNR the one shown in Eq. (10.24). Thus for estimates 
of SNR within this text we will make use of the slightly poorer approximation 
given by Eq. (10.24). Although this approximation does not give the correct 
decision threshold level or optimum avalanche gain it is reasonably successful 
at predicting bit error rate as a function of signal power and hence provides 
realistic estimates of the number of photons required at a practical detector in 
order to maintain given bit error rates. 

For instance, let us consider a good avalanche photodiode receiver which 
we assume to be quantum noise limited. Hence we ignore the shot noise con- 
tribution from the dark current within the A PD as well as the thermal noise 
generated by the electronic amplifier. In practice this assumption holds when 
the multiplication factor M is chosen to be sufficiently high to ensure that the 
SNR is determined by photon noise rather than by electronic amplifier noise, 
and the A PD used has a low dark current. To determine the SNR for this ideal 
A PD receiver it is useful to define the quantum noise on the primary 
photocurrent /p within the device in terms of shot noise following Eq. (9.8). 
Therefore, the mean square shot noise current is given by: 

rj = 2eBI^M^ (10.27) 

where e is the electronic charge and B is the post detection or effective noise 
bandwidth. It may be observed that the mean square shot noise current 
given in Eq. (10.27) is increased by a factor due to avalanche gain in the 
APD. However, Eq. (10.27) does not give the total noise current at the output 
of tb« APD m tbcu it m «ddidon&l noise contribution from the random gain 
meehMiniki noiH factor Incurred F(M) was discussed In 
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Section 9.3.4 and defined by Eqs. (9.27) and (9.28). Equation (9.27) may be 
simplified [Ref. 50] to give an expression for electron injection in the low fre¬ 
quency limit of: 


F{M) = kM^^ 



(10.28) 


where k is the ratio of the carrier ionization r^es. Hence the excess avalanche 
noise factor be combined into Eq. (10.27) to give a total mean square shot 
noise current 

iT = (10.29) 

Furthermore, the avalanche multiplication mechanism raises the signal 
current to Ml^ and therefore the SNR in terms of the peak signal power to rms 
noise power may be written as: 


s I, 

N UBFiM) 


(10,30) 


Now, if we let correspond to the average number of photons detected in 
a time period of duration t. 



t t 


(10.31) 


where is the average number of photons incident on the APD and is the 
quantum efficiency of the device. Substituting for Ip in Eq. (10.30) we have: 


S 

N “ 2BxF(M) 


(10.32) 


Rearranging Eq. (10.32) gives an expression for the average number of 
photons required within the signalling interval t to detect a binary one in terms 
of the received SNR for the good APD receiver as: 


2BxF{M) 

n 



(10.33) 


A reasonable pulse shape obtained at the receiver in order to reduce 
intersymbol interference has the raised cosine spectrum shown in Fig. 10.37. 
The raised cosine spectrum for the received pulse gives a pulse response result¬ 
ing in a binary pulse train passing throu^ either full or zero amplitude at the 
centers of the pulse intervals and with transitions passing through half 
amplitude at points which are midway in time between pulse centers. For 
raised cosine pulse shaping the full t signalling Bx is around 0.6. Hence the 
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F(g. 10.37 (a I Raised cosine spectrum, (b) Output of a system with a raised cosine 
output spectrum for a single input pulse. 


average number of photons required to detect a binary one using a good APD 
receiver at a speciHed BER may be estimated using Eq. (10.33) in conjunction 
with Eq. (10.24). 


Example 10.3 


A good APD l$ used as a deiecioc in an optical fiber PCM receiver designed for 
baseband binary transmission with a decision threshold sat midway between the 
zero and one signal levels. The APO has a ouanium efficiency of 6096, a ratio of 
carrier ionization rates of 0.02 and is operated with a multiplication factor of 100. 
AsBumlng a raised cosine signal spectrum at the receiver, estimate the average 
number of photons which must be incident on the APD to register a binary one with 
a BER of 10-^. 

Solution: The electrical SNR required to obtain a 8ER of at the receiver is 
given by the curve shown in Fig. 10.36(0). or the solution to example 10.2 as 
21.6 dB or 144. Also the excess avalanche noise factor may be determined 
using Eq. (10.28) where. 





(1 -Ar) 


* 2 + (2-0.01 HI -0.02) 


3 95 4 


The average number of photons which must be incident at the receiver In order to 
maintain the BER can be estimated using Eq. (10.33) (assuming ffr —0.6 for the 
raised cosine pulse spectrum) as: 


IBzFW) 




2 X 0.6 X 4 X 144 
0.8 


B64 photons 







436 


OPTICAL FIBER COMMUNICATIONS: PRINCIPLES AND PRACTICE 


The estimate in example 10.3 gives a more realistic value for the average 
number of incident photons required at a good APD receiver in order to 
register a binary one with a BER of 10^ than the quantum limit of 21 photons 
determined for an ideal photodetector in example 9.1. However, it must be 
emphasized that the estimate in example 10.3 applies to a good silicon APD 
receiver (with high sensitivity and low dark current) which is quantum noise 
limited, and that no account has been taken of the effects of either dark current 
within the APD or thermal noise generated within the preamplifier. It is 
therefore likely that at least 1000 incident photons are required at a good APD 
receiver to register a binary one and provide a BER of 10"^ (Ref. 51|. 
Nevertheless somewhat lower values may be achieved by setting the decision 
threshold below the half amplitude level because the shot noise on the zero 
level is lower than the shot noise on the one level. 

The optical power required at the receiver is simply the optical energy 
divided by the time inlcrval over which it is incident. The optical energy E^y 
may be obtained directly from Ihe average number of photons required at the 
receiver in order to maintain a particular BER following: 

E. = z^hf (10.34) 

where f\f is the energy associated with a single photon which is given by Eq. 
(6.1). In order that a binary one is registered at the receiver, the optical energy 
£o must be incident over the bit interval t. For system calculations we can 
assume a zero disparity code which has an equal density of ones and zeros. In 
this case the optical power required to register a binary one may be considered 
to be incident over two bit intervals giving: 


(10.35) 



Substituting for Eq from Eq. (10.34) we obtain: 

“ 2t 


(10.36) 


Also as the bit rate Bj for the channd is the reciprocal of the bit interval x, Eq. 

(10.36) may be written as: 



(10.37) 


Equation (10.37) allows estimates of the incident optical power required at a 
good APD receiver in order to maintain a particular BER, based on the 
average number of incident i^iotons. In system calculations these optical 
power levels are usually expressed in dBm. It may also be observed that the 
required incident optical power is directly proportional to the bit rate Bj which 
typifies a shot noise limited receiver. 
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Example 10.4 


The receiver of example 10.3 operates at a wavelength of 1 Assuming a zero 
disparity binary code, estimate the incident optical power required at the receiver to 
register a binary one with a BERof 10“*at bit rates of 10 Mbit S"^ and 140 Mbit 
So/ution: Under the above conditions, the required incident optical powermaybe 
obtained using Eq. 00.37) where. 


Po = 


z^hcBj 
2 2?L 


At 10 Mbits-’. 




864 X 6.626 X 10-^ x 2.998 x 10«x 10^ 

2x 1 X 10^ 


At 140 Mbits-*. 


IS 858.2 pW 
* -60.7 dBm 




8$4 X $.626 X 10-*^ K 2-998 x 10*x 14 x 10’ 

2 X 1 X 10-‘* 


* 12 01$ nW 
» -49.2 dBm 


Example 10.4 Olustrates the effect of direct proportionality between the 
optical power required at the receiver and the system bit rate. In the case con¬ 
sidered, the required incident optical power at the receiver to give a BER of 
10 ^ must be increased by around 11.5 dB (factor of 14) when the bit rate is 
increased from 10 to 140 Mbit s"*. Also comparison with example 9.1 where a 
similar calculation was performed for an ideal photodetector operating at 
10 Mbit s"^ emphasizes the necessity of performing the estimate for a practical 
photodiode, The good APD receiver considered in example 10.4 exhibits 
around 16 dB less sensitivity than the ideal photodetector (i.e. quantum limit). 

The assumptions made in the evaluation of examples 10.3 and 10.4 are not 
generally valid when considering p-i—n photodiode receivers because these 
devices are seldom quantum noise limited due to the absence of internal gain 
within the photodetector. In this case thermal noise generated within the 
electronic amplifier is usually the dominating noise contribution and is 
typically 1 x lOMo 3 x 10^ times larger than the peak response produced by 
the displacement current of a singk electron-hole pair liberated in the detector. 
Hence, for reliable performance with a BER of 10"’, between I and 3 x 10* 
photons must be detected when a Mnary one is incident on the receiver [Ref. 
33]. 

This tranilatei into sensitividee vidiich are about 30 dB or more, less than 
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the quantum limit. Finally for a thermal noise limited receiver the input optical 
power is proportional to the square root of both the post detection or effective 
noise bandwidth and the SNR (lc. qc\(S/N)B]^). However, this result is 
best obtained from purely analog SNR considerations and therefore is dealt 
with in Section 10.7.1. 

10.6.4 Channel Loaaea 

Another important factor when estimating the permissible separation between 
regenerative repeaters or the overall link length is the total loss encountered 
between the transmitter(s) and receiver(s) within the system. Assuming there 
are no dispersion penalties on the link, the total channel loss may be obtained 
by simply summing in decibels the installed fiber cable loss, the fiber—fiber 
jointing losses and the coupling losses of the optical source and detector. The 
fiber cable loss in decibels per kilometer Of^ is normally specified by the 
manufacturer, or alternatively it may be obtained by measurement (see Sec¬ 
tions 5.2 and 5.7). It must be noted chat the cabled fiber loss is likely to be 
greater than the uncabled fiber loss usually measured in the laboratory due to 
possible microbending of the fiber within the cabling process (see Section 
4.6.2). 

Loss due to joints (generally splices) on the link may also, for simplicity, be 
specified in terms of an equivalent loss in decibels per kilometer Uj. In fact, it is 
more realistic to regard o, as a distributed loss since the optical attenuation 
resulting from the disturbed mode distribution at a joint does not only occur in 
the vicinity of the joint. Finally the loss contribution attributed to the con¬ 
nectors a^f (in decibels) used for coupling the optical source and detector to the 
fiber must be included in the overall channel loss. Hence the total channel loss 
Cl (in decibels) may be written as: 

Cl * (Of, + 0^)1 + a,, (10,38) 

where L is the length of the fiber cable either between regenerative repeaters or 
between the transmit and receive terminals for a link without repeaters. 


Example 10.5 

An optical fiber link of length 4 km comprises a fiber cable with an attenuation of 
5 d8 km“'. The sf^ice k)sses for the link are estimated at 2 dB km“\ and the con¬ 
nector losses at the source and detector are 3.5 and 2.8 dB respectively. Ignoring 
the effects of dispersion on the link determine the total channel loss. 

So/ut/on:Tb€ total channel loss maybe simply obtained using Eq. (10.38} where: 

= ittfc + + «cr 

= (5 + 2)4 + 3.5 + 2.5 
» 34 dB 
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10.6.5 Temporal Reeponee 

The system design considerations must also t^e into account the temporal 
response of the system components. This is especially the case with regard to 
pulse dispersion on the c^tical fiber channel The formula given in Eq. (10.38) 
allows determination of the overall channel loss in the absence of any pulse 
broadening due to the dispersion mechanisms within the transmission medium. 
However, the finite bandwidth of the optical system may result in overlapping 
of the received pulses or intersymbol interference, giving a reduction in 
sensitivity at the optical receiver. Therefore either a worse BER must be 
tolerated, or the ISI must be compensated by equalization within the receiver 
(see Section 10.3.3). The latter necessitates an increase in optical power at the 
receiver which may be considered as an additional loss penalty. This additional 
loss contribution is usually called the dispersion-equalization or ISI penalty. 
The dispersion-equalization penalty becomes especially significant in high 
bit rate multimode fiber systems and has been determined analytically for 
Gaussian shaped pulses IRef. 481. In this case it is given by: 




dB 


(10.39) 


where t, is the lie full width pulse broadening due to dispersion on the link 
and X is the bit interval or period. For Gaussian shaped pulses, x, may be 
written in terms of the rms pulse width o as (see Appendix F): 


t, = 2ov/2 


(10.40) 


Hence, substituting into Eq. (10.39) for and writing the bit rate Bj as the 
reciprocal of the bit interval t gives: 


* 7(2oByy/2Y dB 


(10.41) 


Since the dispersion-equalization penalty as defined by Eq. (10.41) is 
measured in decibels, it may be included in Che formula for the overall channel 
loss given by Eq. (10.38). Therefore the total channel loss including the 
dispersion-equalization penahy ClD is given by: 

CtD = (Ofc + + «.r + (10.42) 

The dispersion-equalization penalty is usually only significant in wideband 
multimode fiber systems which exhibit intermodal as well as intramodal disper¬ 
sion. Single mode fiber systems which are increasingly being utilized for 
wideband long-haul applications are not generally limited by pulse broadening 
on the channel because of the absence of intermodal dispersion. However, it is 
often the case that intermodal dispersion is the dominant mechanism within 
multimode fibers. In Section 3.9.1 intermcHlal pulse broadening was considered 
to be a linear function of the fiber length L. Furthermore it was indicated that 
the presence of mode coupling wHhin the fiber made the pulse broadening 
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increase at a slower rate proportional to L». Hence it is useful to consider the 
dispersion-equalization penalty in relation to fibers without and with mode 
coupling operating at various bit rates. 


Example 10.6 

The rms pulse broddening resulting from intermodal dispersion within a multimode 
optical fiber is O.Bnskm**^ Assuming this to be the dominant dispersion 
mechanism, estimate the dispersion-equalization penalty over an unrepeatered fiber 
link of length 8 km at bit rates of (a) 26 Mbits"’ and fb) 150 Mbits"’. In both cases 
evaluate the penalty without and with mode coupling. The pulses may be assumed 
to have a Gaussian shape. 

Sofuilon: (a) Without mode coupling. The total rms pulse broadening over 8 km is 
given by: 

Oj s o X t s 0.6 X 8 SB 4.8 ns 

The disDersion-equalizstion penalty is given by Eq. (1041} where: 

2(2 x 4.8 x 10"^ x 26 x 10V2)' 

« 0.03 dS 

With mode coupiing^ The lotal rms pulse broedening is: 

Oj ^ ^v/4 * 0-6 X ^8 * 17 ns 
Hence the dispersion-equalization penalty is: 

Dl = 2(2 X 1.7 X 10“^ X 26 X 10^v^2)* 

» 4.2 X 10'^ de (i.e. negligible) 

(b) Without mode coupling. 
q-r = 4.8 ns 

0^ « 2(2 X 4.8 X 10“^ X 160 X 10®^2}^ * 34.38 d8 
With mode coupling. 

Oj » 17 rts 

* 2(2 X 1.7 *10"® X 150 x 10*^/2}* * 0.64 dB 


Example 10.6(a) demonstrates that at low bit rates the dispersion—equaliza¬ 
tion penalty is very small if not negligible. In this case the slight advantage of 
the effect of mode coupling on the penaUy is generally outweighed by 
increased attenuation on the link because of the mode coupling, which may be 
of the order of 1 dB km■^ Example 10.6(b) indicates that at higher bit rates 
with no mode coupling the dispersion—equalization penalty dominates to the 
extent that it would be necessary to reduce the repeater spacing to between 4 
and 5 km. However, it may be obs^ed that encouragement of mode coupling 
on the link greatly reduces this penalty and outweighs any additional attenua¬ 
tion incurred through mode coupling within the fiber. In summary^ it is clear 
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that the dispersion-equalization penalty need only be applied when consider¬ 
ing wideband systems. Moreover it is frequently the case that lower bit rate 
systems may be up-graded at a later date to a higher capacity without incur¬ 
ring a penalty which might necessitate a reduction in repeater spacing. 

An alternative approach involving the calculation of the system rise time 
can be employed to determine the possible limitation on the system bandwidth 
resulting from the temporal response of the system components. Therefore, if 
there is not a pressing need to obtain the maximum possible bit rale over the 
maximum possible distance, it is sufficient within the system design to establish 
that the total temporal response of the system is adequate for the desired 
system bandwidth. Nevertheless this approach does allow for a certain amount 
of optimization of the system components, but at the exclusion of considera¬ 
tions regarding equalization and the associated penalty. 

The total system rise time may be determined from the rise times of the 
individual system components which include the source (or transmitter), the 
fiber cable, and the detector (or receiver). These times are defined in terms of a 
Gaussian response as the 10-90% rise (or fall) times of the individual com¬ 
ponents. The fiber cable 10-90% rise time may be separated into rise times 
arising from inlermodal r„ and intramodal or chromatic dispersion 7^, The 
total system rise time is given by (Ref. 561: 

= \A{Tl + Tl Tl + 7^)+ (10.43) 

where 7s and To are the source and detector 10-90% rise times respectively, 
and all the rise times are measured in nanoseconds, Comparison of the rise 
time edge with the overall pulse dispersion results in the weighting factor of 
1 . 1 . 


InpuC volc&gc 

r 


i 



(» 



Plfl. 10.M 


(i) The rnponN of ■ low pm RC filter circuit to a voltege step input, (b) The 

tnnaltr fuRMlMi HM ferdte droult In tal. 
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The maximum system bit rate usually defined in terms of F,,,, 

by consideration of the rise time of the simple RC filter circuit shown in Fig. 
10.38(a). For a voltage step input rf amplitude V, the output voltage waveform 
as a function of time / is: 


Hence the 10-90% rise time t, for the circuit is given by: 


(10.44) 


4 = 


2.2 

RC 


(10.45) 


The transfer function for this circuit is shown in Fig. 10.38(b) and is given by; 




(l + <o^C^R^)i 


(10.46) 


Therefore the 3 dB bandwidth for the circuit is 




2nRC 


(10.47) 


Combining Eqs. (10.45) and (10.47) gives. 


4 = 


2.2 _ 0.35 
2nB~ B 


(10.48) 


The result for the 10-90% rise time indicted in Eq. (10.48) is of general 
validity, but a different constant term may be obtained with different filter 
circuits. However, for rise time calculations involving optical fiber systems the 
constant 0.35 is often utilized and hence in Eq. (10.48), t, a Alter¬ 
natively, if an ideal (unrealizable) filler with an arbitrarily sharp cutoff is con¬ 
sidered, the constant in Eq. (10.48) becomes 0.44. However, although this 
value for the constant is frequently employed when calculating the optical 
bandwidth of fiber from pulse di^jersion measurements (see Section 5.3.1), the 
more conservative estimate obtained using a constant term of 0.35 is generally 
favored for use in system rise time calculations [Refs. 56 and 57j. Also, in both 
cases it is usually accepted [Rrf. 431 that to conserve the shape of a pulse with 
a reasonable fidelity through the RC circuit then the 3 dB bandwidth must be 
at least large enough to satisfy the condition Bx = 1, where t is the pulse dura¬ 
tion. Combining this relation with Eq. (10.48) gives: 


T^=t, = 0 . 35 t ( 10 . 49 ) 

For an RZ pulse format, the bit rate Bt=B = 1/t (see Section 3.7) and 
hence substituting into Eq. (10.49) givu: 
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Aj-(inax) = 


0.35 


s>a 


Alternatively for an NRZ pulse format — B/l 
maximum bit rate is given by: 


(10.50) 


= l/2t and therefore the 




0.7 


syst 


(10.51) 


Thus the upper limit on should be le.ss than 35% of the bit interval for an 
RZ pulse format and less than 70% of the bit interval for an NRZ pulse 

formal. 

The effects of mode coupling are usually neglected in calculations involving 
system rise time, and hence the pulse dispersion is assumed to be a linear func¬ 
tion of the fiber length. This results in a pessimistic estimate for the system rise 
time and therefore provides a conservative value for the maximum possible bit 

rate. 


CKAmpl« 10.7 

An optical fiber svstam ia W be desigr^dd to operate over an 8 km length without 
repeaters. The rise times of the chosen components are: 


Source (LED) 

Fiber: Intermodal 

(pulse broadening) Intramoddl 

Detector photodiode) 


d ns 

5 ns km-^ 
1 ns km“* 

6 ns 


From system rise time consklerdlions, estimate the msKimum oil rate that may be 
achieved on the link when using an HK format. 

So/utfon: The total system rise time is given by 6q. (10.43) as: 

= i-iin rj,)* 

= 1.1(8* + 18 X 51* + (8 X 11* + 6*)^ 
s 46.2 ns 

Hence the maximum bh rate for the link using an NRZ format is given by Eq. 
(10.51) where: 


0.7 


0.7 


By (max)* 


^5:15.2 Mbits 


-) 


46.2x10-* 


The rise time calcul8tk)ns indicate that the link will support a maximum bit rate of 
16.2 Mbits'^ which for an NRZ format is equivalent to a 3dB optical bandwidth of 
7.6 MHz (I.e. the NRZ format has two bit intervals per wavelength). 


Once it il eitftblilhed that pulse disp^sion is not a limiting factor, the major 
deiifn exei^M It the o^iMl power budget for the system. 


) s 


r 
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10.6.6 Optical Power Budgeting 

Power budgeting for a digital optical fiber communication system is performed 
in a similar way to power budgeting within any communication system. When 
the transmitter characteristics, fiber cable losses and receiver sensitivity are 
known, the relatively simple process of power budgeting allows the repeater 
spacing or the maximum transmission distance for the system to be evaluated. 
However, it is necessary to incorporate a system margin into the optical power 
budget so that small variations in the system operating parameters do not lead 
to an unacceptable decrease in system performance. The operating margin is 
often included in a safety margin which also takes into account possible 
source and modal noise together with receiver impairments such as equaliza¬ 
tion error, noise degradations and eye opening impairments. The safety margin 
depends to a large extent on the system components as well as the system 
design procedure and is typically in the range 5-10 dB. Systems using an injec¬ 
tion laser transmitter generally require a larger safety margin (e.g. 9 dB) than 
those using an LED source (e.g. 7 dB) because the temperature variation and 
ageing of the LED are less pronounced. 

The optical power budget for a system is given by the following expression: 

P, -- P<. + + A/, dB (10.52) 

where is the mean input optical power launched into the fiber, Pq is the 
mean incident optical power required at the receiver and (or Ci^ when 
there is a dispersion-equalization penalty) is the total channel loss given by Eq. 
(10.38) (or Eq. (10.42)). Therefore the expression given In Eq. (10.52) may be 
written as: 

+ (Ofc + Oj)L + Af, dB (10.53) 

Alternatively, when a dispersion-equalization penalty is included Eq. (10.52) 
becomes: 

P, = Fo + (Ofc + + Ocr + dB (10.54) 

Equations (10.53) and (10.54) allow the maximum link length without 
repeaters to be determined, as demonstrated in example 10.8. 


Example 10.8 


The following parameters are established for a long-haul single mode optical fiber 
system operating at a wavelength of 0.85^. 


Mean power launched from the laser transmitter 
Cabled fiber loss 
Splice loss 

Connector losses at the transmitter and receiver 
Mean power required at the APD receiver: 
when operating at 35 Mbit (B£R 
when operating at SOOMblta”' (BER lO'*) 
Required aafaty margin 


—3 dBm 
1.9 dB km-’ 
0.3 dB km-’ 
1 dB each 

-65 dBm 
-44 dBm 
0dB 
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Estimate: 

(a) the maximum possible link length without repealers when operating at 
35 Mbit s"’ (BER tO^). It may be assumed that there is no dispersion-equaliza 
tion penally at this bh rate. 

(bl the maximum possible link length without repeaters when operating at 
500 Mbits"' (BER 10'*) and assuming no dispersion-equalization penalty. 

(c) the reduction in the maximum possible link length without repeaters of (b) when 
there is a dispersioiv-equalization penalty of 5 d8. It may be assumed for the 
purposes of this estimate that the reduced link length has the 5 dB penally. 

Solution: (a) Wher» the system is operating at 35 Mbits'' an optical power 
budget may be performed usiT>g Eq. 00.53). where 

P\ -Pq * (Ofc + OjK. + ac, + dB 
-3 dBm-1-55 dBm) * (Of^ + OjR + 0 ^ + 


Hence, 


* 52 - Ocr " Af 
2M * 52-2-9 
41 

i *-* 19.5 km 

2.1 


-r 


(b) Again using Eci. 00-53) when the system is operating at 500 Mbits 

•3 dBm - (-44 dBm) * (Cic + ttj)t + Ocr * ^ 

(«ic + - 

30 

L *-* 14.3 km 

2-1 

(c) Performing the oplicai power budget using Eq, (10.54) gives: 

» (Ofc ♦ <t])L + Oc + Ol + /Vfa 

Hence, 

2AL » 41 -2-5-9 

and 

25 

L* -*11.9km 

2.1 

Thus there Is a reduction of 2.4 km in the maximum possible link length without 
repeaters. 


Although we have demonstrated in example 10.8 the use of the optical 
power budget to determine the maximum link length without repeaters, it is 
ftlio frequently used to aid decisions with relation to the combination of com¬ 
ponents required for a particular optical fiber communication system. In this 

lum transmission ^stance and the required bandwidth may 
thirijtef ^>tieal power budgirt li used to provide a 
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basis for optimization in the choice of the system components, whilst also 
establishing that a particular component configuration meets the system 
requirements. 


ExampI# 10.9 

Components are chosen for a digrtaf optical fiber link of overall length 7 km and 
operating at a 20Mbits"’ using an RZ code. It Is decided that an LED emitting at 
0.85 pm with graded index fiber to a /w'-n photodiode is a suitable choice for the 
system components, giving r>o dispersion-equalization penalty. An LED which is 
capable of launching an average of 100 pW of optical power (including the con- 
riector loss) into a 50 pm core diameter graded index fiber is chosen. The proposed 
fiber cable has an attenuation of 2.6dBlan"’ and requires splicing every kilometer 
with a loss of 0.5 dB per splice. There is also a connector loss at the receiver of 
1.5 dB. The receiver requires mean incident optical power of -41 dBm in order to 
give the necessary BER of 10-« and it i$ predicted that a safety margin of 6 dB will 
be required. 

Write down the optical power budget for the system and hence determine Its 
viability. 

Solution: 

Meen optical power launched into the fiber from 

the trensmltter flOOmW) -10 dBm 

Receiver sensitivity at 20 Mbit (BER 10'*®) -41 dBm 


Tote! aystern margin 

31 

dB 

Cabled fiber loss <7 x 2.6 dB km-’) 

18.2 

dB 

Splice losses f6 x 0.5 dB) 

3.0 

dB 

C^nec^r loss (1 x 1.6 dB) 

1.5 

dB 

Safety margin 

6.0 

dB 

Total system loss 

28.7 

dB 

Excess power margin 

2.3 

dB 


Based on the figures given the system is viable and provides a 2.3 dB excess power 
margin. This could give an extra safety margin to allow for possible future splices if 
these were not taken into account within the original safety margin. 


10.6.7 Line Coding 

The previous discussions of digital system design have assumed that only 
information bits are transmitted, and that the 0 and 1 symbols are equally 
likely. However, within digital line transmission there is a requirement for 
redundancy in the line coding to provide etflcient timing recovery and syn^ 
chronization (frame alignment) as well as possible error detection and correc¬ 
tion at the receiver. Line coding also provides suitable shaping of the 
transmitted signal power spectral density. Hence the choice of line code is an 
important consideration within digital optical fiber system design. 

Binary line codes are generally preferred because of the large bandwidth 
available in optical fiber communicaUonB. In addition these codes ire less 
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susceptible to any temperature dependence of optical sources and detectors. 
Under these conditions two level codes are more suitable than codes which 
utilize an increased number of levels (multilevel codes). Nevertheless, these 
factors do not entirely exclude the use of multilevel codes, and it is likely that 
ternary codes (three levels 0, 1) which give increased information transmis¬ 

sion per symbol over binary codes will be considered for some system applica¬ 
tions. The corresponding symbol transmission rate (i.e. bit rate) for a ternary 
code may be reduced by a factor of 1.58 0og2 3) whilst still providing the same 
information transmission rate as a similar system using a binary code. It must 
be noted that this gain in information capacity for a particular bit rate is 
obtained at the expense of the dynamic range between adjacent levels as there 
are three levels inserted in place of two. This is exhibited as a 3 dB SNR 
penalty at the receiver when compared with a binary system at a given BER. 
Therefore ternary codes (and higher multilevel codes) are not attractive for 
long-haul systems. 

For the reasons described above most digital optical fiber communication 
systems currently in use employ binary codes. In practice, binary codes are 
designed which insert extra symbols into the information data stream on a 
regular and logical basis to minimize the number of consecutive identical 
received symbols, and to facilitate efficient timing extraction at the receiver by 
producing a high density of decision level crossings. The reduction in consecu¬ 
tive identical symbols also helps to minimize the variation in the mean signal 
level which provides a reduction in the low frequency response requirement of 
the receiver, This shapes the transmitted signal spectrum by reducing the d.c. 
component. However, this factor is less important for optical fiber systems 
where a.c. coupling is performed with capacitors unlike metallic cable systems 
where transformers are ofun used, and the avoidance of d.c. components is 
critical. A further advantage is apparent within the optical receiver with a line 
code which is free from long identical symbol sequences, and where the con¬ 
tinuous presence of 0 and 1 levels aids decision level control and avoids gain 
instability effects. 

Two level block codes of the nBmB type fulfil the above requirements 
through the addition of a limited amount of redundancy. These codes convert 
blocks of n bits into blocks of m bits where m > « so that the difference 
between the number of transmitted ones and zeros is on average zero. A simple 
code of this type is the \B2B code in which a 0 may be transmitted as 01, and 
a 1 as 10. This encoding format is shown in Fig. 10.39(b) and is commonly 
referred to as biphase or Manchester encoding. It may be observed that with 
this code there are never more than two consecutive identical symbols, and 
that two symbols must be transmitted for one information bit, giving 50% 
redundancy. Thus twice the transmission bandwidth is required for the \B2B 
code which restricts its use to systems where pulse dispersion is not a limiting 
factor. Another example of a \B2B code which is illustrated in Fig. 10.39(c) is 
the coded mark inversion (CMl) code. In this code a digit 0 is transmitted as 
01 and the digit 1 alternately as 00 or 11. 
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Fig. 10.39 pamples of binary ^B2B codes used in optical fiber cominunlcatlonB- 
(a) uneocoded NRZ data; (b) biphase or Manchester encoding- (c) coded 
mark inversion (CMI) encoding. 


Timing information is obtained from the frequent positive to negative transi¬ 
tions, but once again the code is highly redundant requiring twice as many 
transmitted bits as input information bits. 

More efficient codes of this type requiring less redundancy exist such as the 
354fl. 556S and the IBZB codes. There is a trade off within this class of code 
between the complexity of balancing the number of zeros and ones, and the 
added redundancy. The increase in line symbol rate (bit rate) and the 
corresponding power penalty over uncoded binary transmission is given by the 
rado m-.n. Hence, considering the widely favored 5fi65 code, the symbol rate 
is increased by a factor of 1.2 whilst the power penalty is also equal to 1,2 or 
about 0,8 dB, It is therefore necessary to take into account the increased 
bandwidth requirement and the power penalty resulting from coding within the 
optical fiber system design. 

Simple error monitoring may be provided with block codes, at the expense 
of a small amount of additional redundancy, by parity checking. Each block of 
N bits can be made to have an even (even parity) or odd (odd parity) number 
of ones so that any single error in a block can be identified. More extensive 
error detection and error correction may be provided with increased 
redundancy and equipment complexity. Hiis is generally not considered 
worthwhile unless it is essential that the digital transmission system is totally 
secure (e.g. data transmission appUcations). Alternatively, error monitoring 
when using block codes may be performed by measuring the variation in 
disparity between the numbers of ones and zeros within the received bit 
pattern, Any variation in the accumulated disparity above an upper limit or 
below a lower limit allowed by a particular code is indicated as an error. 
Further discussion of error correction with relation to disparity may be found 
in Ref. 65. 
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10.7 ANALOG SYSTEMS 


In Section 10.5 we indicated that the vast majority of optical fiber communica¬ 
tion systems are designed to convey digital information (e.g. analog speech 
encoded as PCM). However, in certain areas of the telecommunication 
network or for particular applications, information transfer in analog form is 
still likely to remain for some time to come, or be advantageous. Therefore, 
analog optica! fiber transmission will undoubtedly have a part to play in future 
communication networks, especially in situations where the optical fiber link is 
part of a larger analog network (e.g. microwave relay network). Use of analog 
transmission in these areas avoids the cost and complexity of digital terminal 
equipment, as well as d^adation due to quantization noise. This is especially 
the case with the transmission of video signals over short distances where the 
cost of high speed analog to digital (A—D) and D—A converters is not generally 
justified. Hence, there are many applications such as direct cable television and 
common antenna television (CATV) where analog optical fiber systems may 
be utilized. 

There are limitations, however, inherent to analog optical fiber transmission, 
some of which have been mentioned previously. For instance, the unique 
requirements of analog transmission over digital are for high signal to noise 
ratios at the receiver output which necessitates high optical input power (see 
Section 9.2.5), and high end to end linearity to avoid distortion and prevent 
cross talk between different channels of a multiplexed signal (see Section 
10.4.2). Furthermore, it is instructive to compare the SNR constraints for 
typical analog optical fiber and coaxial cable systems. 

In a coaxial cable system the fundamental limiting noise is ^KTBy where K 
is Boltzmann’s constant, T is the absolute temperature, and B is the effective 
noise bandwidth for the channel. If we assume for simplicity that the coaxial 
cable loss is constant and independent of frequency, the SNR for a coaxial 
system is 


(-) = 
\n/^ 


exp(-<^) 

Zo4^:rB 


(10,55) 


where On is the attenuation in nepers between the transmitter and receiver, V is 
the peak output voltage, and Zq is the impedance of the coaxial cable. 

The SNR for an analog optical fiber system may be obtained by referring to 
Eq. (9.11) where 


(wL 


tiFq 

2hfB 


(10.56) 


The expression given in Eq. (10.56) incliHles the fundamental limiting noise for 
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optical fiber systems which is 2hfB. Although Eq. (10.56) is sufficiently 
accurate for the purpose of comparison it applies to an unmodulated optical 
earner. A more accurate expression would take into account the depth of 
modulation for the analog optical fiber system which cannot be unity [Ref 
53J. The average received opUcal power may be expressed in terms of the 
average input (transmitted) optical power P as 


O 


Pj exp (-On) 


Substituting For P„ into Eq. (10.56) gives 


(10.57) 


(^L = 


Pj exp (-Oh) 
IhfB 


(10.58) 


(10.55) and (10.58) allow a simple a)mparison to be made of 
available SNR (or CNR) between analog coaxial and optical fiber systems as 
demonstrated in example 10.10. 


Example 10.10 


A coaxial cable systam operating dt a temperdture of 17 has a transmitter oeak 
output voltage of 5V with a cable impedance of 100 ft. An analog oS C 
of mW ? an Injeollor. laser source emitting ai 0.85 pm and launches sn average 

blnSdth Assuming the effective noise 

«r»lm M ^ ^ t-atween the itansmiuer and receiver for the two 

J.tX'icZfvf-»' 


Ratios 


(-) 

\N/coa. 

(-) 

' ^ /fiber 


exp(-O n) 
ZAKTB 


V^M 


VPi exp (-On > 2KTZ^y\P. 


2hfB 


Hence, 


V^hc 

2KTZ^j)p.,% 


Ratio ^ 


25 X 6.626 X ICT** x 2.998 x 10* 


2 X 1.385 X 10-"x 290 X 100 x 0.7 X 1 x 10-> x 0.85 x 10-» 
* 1.04 X 10*a'40dB 


* Strictly ipcAkini Eq. (10*56) diplou thi optical carrier to ndic ratio (CNR) 
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The optical fiber channel in example 10.10 has around 40 dB less SNR 
available than the alternative coaxial channel exhibiting similar channel losses. 
This results both from IhfB being larger than 4ATS and from the far smaller 
transmitted power with the optical system. Furthermore it must be noted that 
the comparison was made using an injection laser transmitter. If an LED 
transmitter with 10-20 dB less optical output power was compared, the 
coaxial system would display an advantage in the region 50-60 dB. For this 
reason it is difficult to match with fiber systems the SNR requirements of some 
analog coaxial links, even though the fiber cable attenuation may be sub¬ 
stantially lower than that of the coaxial cable. 

The analog signal can be transmitted within an optical fiber communication 
system using one of several modulation techniques. The simplest form of 
analog modulation for optical fiber communicafions is direct intensity modula¬ 
tion (D-IM) of the optical source. In this technique the optica! output from the 
source is modulated simply by varying the current flowing in the device around 
a suitable bias or mean level in proportion to the message. Hence the informa¬ 
tion signal is transmitted directly in the baseband. 

Alternatively the baseband signal can be translated onto an electrical sub- 
carrier by means of amplitude, phase or frequency modulation using standard 
techniques, prior to intensity modulation of the optical source. Pulse analog 
techniques where a sequence of pulses are used for the carrier may also be 
utilized. In this case a suitable parameter such as the pulse amplitude, pulse 
width, pulse position or pulse frequency is electrically modulated by the 
baseband signal. Again the modulated electrical carrier is transmitted optically 
by intensity modulation of the optical source. 

Direct modulation of the optical source in frequency, phase or polarization 
rather than by intensity requires these parameters to be well defined 
throughout the optical fiber system. Although there is much interest in this 
area (see Section 10.8) present optical component technology does not as yet 
completely provide for practical system implementation. 

10.7.1 Direct Intenaity Modulation (D-IM) 

A block schematic for an analog optical fiber system which uses direct 
modulation of the optical source intensity with the baseband signal is shown in 
Fig. 10.4CKa). Obviously no electrical modulation or demodulation is required 
with this technique, making it both inexpensive and easy to implement. 

The transmitted optical power waveform as a function of time /’op,(r), an 
example of which is illustrated in Fig. 10.40(b), may written as: 

P^{t) = P,{\ + mit)) (10.59) 

where is the average transmitted optical power (i.e. the unmodulated carrier 
power) Md m(r) is the intensity modulating signal which is proportional to the 
■ouroe message a(r). For a ooiinuioidal modulating signal: 
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(a) 



Fig. 10.40 (a) Analog optical fiber system employing direct Intensity modulation. 

(b) Time domain representation showing direct intensity modulation of the 
optical carrier with a baseband analog signal. 


m(t) = w, COS ©„f (10.60) 

where m. is the modulation index or the ratio of the peak excursion from the 
average to the average power as shown in Fig. 10.40(b). and ©„ is the angular 
frequency of the modulating signal. Combining Eqs. <10.59) and (10.60) we 
get: 

/’op.O) * /’id + m, cos ffl„f) (10.61) 

Furthermore, assuming the transmission medium has zero dispersion, the 
received optical power will be of the same form as Eq. (10.61), but with an 
average received optical power P„. Hence the secondary photocurrent /(f) 
generated at an APD receiver with a multiplication factor M is given by: 

/(/) = /pAf(l + m, cos (o„,<) (10.62) 

where the primary photocurrenl obtained with an unmodulated carrier I is 
given by Eq. (8.8) as, ^ 


(10.63) 

The mean square signal current which is obtained from Eq. (10.62) is given 
by: 
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ii, = 


(10.64) 


«SA 


The total average noise in the system is composed of quantum, dark current, 
and thermal (circuit) noise components. The noise contribution from quantum 
effects and detector dark current may be pressed as the mean square total 
shot noise current for the APD receiver i'Ia given by Eq. (9.21) where the 
excess avalanche noise factor is written following Eq. (9.26) as F(M) such 
that: 

= 2eB(/p + /d)M'f(W) (10.65) 

where B is the effective noise or post detection bandwidth. 

Thermal noise generated by the load resistance fl’s electronic 

amplifier noise can be expressed in terms of the amplifier noise figure F„ 
referred to as given by Eq. (9.17). Thus the total mean square noise current 
may be written as; 

1^ = 2eB{L + „ - (10.66) 

The SNR defined in terms of the ratio of the mean square signal current to the 
mean square noise current (rms signal power to rms noise power) for the APD 
receiver is therefore given by: 


l—\ _ 

\ N L u 




(APD) 


2eB(/p + + {AKTBFM 

(10.67) 

It must be emphasized that the SNR given in Eq. (10*67) is defined in terms 
of rms signal power rather than peak signal power used previously. When a 
unity gain photodetector is utilized in the receiver (i.e. photodiode) Eq. 
(10.67) reduces to: 


(-) = 

\N L 




2eB(F+ri) + {4KTBFM 


(n-i-n) (10.68) 


Moreover, the SNR for video transmission is often defined in terms of the peak 
to peak picture signal power to the rms noise power and may include the ratio 
of luminance to composite video 6. Using this definition in the case of the unity 
gain detector gives: 






2eB{F + li) + (4KTBFJRO 


{p-i-n) 


(10.69) 


It may be observed that, excluding b, the SNR defined in terms of the peak 
signal power given in Eq. (10.69) is a factor of 8 (or 9 dB) greater than that 
defined in Eq. (10.68). 
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Exarnpk 10.11 


A single TV channel Is Iranemllted over an analog optical fiber link using direct 
intensity modulation. The video signal which has a bandwidth of 5 MHz and a ratio 
of luminance to composite video of 0.7 is transmitted with a modulation index of 
0.8. The receiver contains a p+o photodiode with a responslvity of 0.5 A W’ and 
a preamplifier with an effective input impedance of 1 MO together with a noise 
figure of 1.5 d0. Assuming the receiver is operating at a temperature of 20 ®C and 
neglecting the dark current in the photodiode, determine the average incident 
optical power required at the receiver (i.e. receiver sensitivity) in order to maintain a 
peak to peak signal power to rms noise power ratio of 55 dB. 

Solution: Neglecting the photodiode dar 1 < current, the peak to peak signal power 
to rms noise power ratio is given following Eq. (10.69) as; 

/S \ (2/n,/pbP 

\n /p_p 2ea/p + {AKTBPJR^\ 

The photocurrent /p may be expressed in terms of the average Incident optical 
power at the receiver using 6q. (e.4| as: 

/p - 

where fl la the responslvity of the photodiode. Hence, 

/S \ 

\ N /p^ leBRP^ + {AKTBFJfi^ ) 
and 

/s \ / \ 

Rearranging, 

2eBRP^-{-) = o 

\N/p_p Al 

where 


* 4 X 0.64 x 0.25 x 0.49 

* 0.314 



= 3.162 X 10*x 2 X 1.602 x 10-’«x 5 x 10» xO.5 


* 2.533 X 10-' 





* 3.162 X 10® X 4 X 1.381 x 10-“ x 293 x 5 x 10" x 1.413 


to® 

* 3.616 X 10“’* 


Therefore, 


0.314^*-2.633 X 3.516 x 10-^* - 0 
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and 


2.533* 10-’±\/l(2.533 x M x 0.3 14 x 3.616 x 

0.628 


» 0.93 
» —30.3 dBm 


It must be noted that the low noise preampUfication depicted in example 
10.11 may not always be obtained, and that higher thermal noise levels will 
adversely affect the receiver sensitivity for a given SNR. This is especially the 
case with lower SNRs as illustrated in the peak to peak signal power to rms 
noise power ratio against average received optica! power characteristics for a 
video system shown in Fig. 10.41. The performance of the system for various 
values of mean square thermal noise current ij =4KTBF^/Ri, where ^ is 
expressed as a spectral density in Hz"^ is indicated. The value for the 
receiver sensitivity obtained in example 10.11 is approaching the quantum 
limit, also illustrated in Fig. 10.41, which is the best that could possibly be 
achieved with a noiseless amplifier. 

The quantum or shot noise (when ignoring the phoiodetector dark current) 
limit occurs with large values of signal current (i.e. primary photocurrent) at 
the receiver. Considering a p-/-w photodiode receiver, this limiting case which 



ng. 10.41 Peak to peak signal power to rms noise power ratio against the average 
received optical power for a direct Intwsity modulated video system and 
virloue levels of thermal noise given by /f. Reproduced with permission from 
Q. 0. WIndus,. Afercen/XUV. p. 77, 1981. 





456 


OPTICAL FIBER COMMUNICATIONS: PRINCIPLES AND PRACTICE 


corresponds to large SNR is given by Eq. (10.68) when neglecting the device 
dark current as: 



(quantum noise limit) 


(10.70) 


Using the relationship between the average received optical power and 
the primary photocurrent given in Eq. (10.63) allows Eq. (10.70) to be 
expressed as: 


4^ / S \ 

{—) B (10.71) 

mill 

Equation (10.71) indicates that for a quantum noise limited analog receiver, 
the optical input power is directly proportional to the effective noise or post 
detection bandwidth B. A similar result was obtained in Eq. (10.37) for the 
digital receiver. 

Alternatively at low SNRs thermal noise is dominant, and the thermal noise 

limit when /p is small, which.may also be obtained from Eq. (10.68), is given 
by: 



SKTBF„ 


(thermal noise limit) 


Again substituting for from Eq. (10.63) gives: 


(10.72) 


Si 

er\ml \ 


(10.73) 


Therefore it may be observed from Eq. (10.73) that in the thermal noise limit 
the average incident optical power is directly proportional to instead of the 
direct dependence on B shown in Eq. (10.71) for the quantum noise limit. The 
dependence expressed in Eq. (10.73) is typical of the p-i-n photodiode receiver 
operating at low optical input power levels. Thus Eq. (10.73) may be used to 
estimate the required input optical power to achieve a particular SNR for a 
p-i-n photodiode receiver which is dominated by thermal noise. 


Exampls 10.12 

An analog optical fiber link employing D-IM has a p-r-n photodiode receiver In 
which thermal noise Is dominant. The system components have the following 
characteristics and operating coriditions. 

photodiode quaniurn efficiency 60% 

effective load impedance for the photodiode 50 kO 

preamplifier noise figure 6 dB 
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operating wavelength 
operating temperature 
receiver post detection bandwidth 
modulation Index 


1 urn 
300 K 
10 MHz 
0.5 


Estimate the required average incident optical power at the receiver in order to 
maintain an SNR, defined in terms of the mean square signal current to mean square 
noise current, of 45 dQ. 

Solution: The average Incident optical power for a thermal noise limited p-t~n 
photodiode receiver may be estimated using Eq. (10.73) where: 


and 


Hence, 


M 






\ Rl / XN/rm. 


hf 


he 


6.626 X 10'** X 2.998 k 10* 


ei\ml etirr^ 1.602 x x 0.6 x 0.25 x 1 x 10* 




8-267 

8x 1.381 X 10-**x300x4V^ 


50x 10* 


) 


\N L, 


= 1.628 X 10-" 


={3-162 X 10* X 10’)^ 


5-623 X 10‘ 


Pg ^ 8.267 X 1.628 X 10-’* x 6.623 x 10* 


= 7.57 iiW 
= -21.2 dBm 

Therefore, as anticipated, the receiver sensitivity in the thermal noise limit is low. 


10.7.2 System Planning 

Many of the general planning considerations for optical fiber systems outlined 
in Section 10.4 may be applied to analog transmission. However, extra care 
must be taken to ensure that the optical source and, to a lesser extent, the 
detector have linear input-output diaracteristics, in order to avoid distortion 
of the transmitted optical signal. Furthermore, careful optical power budgeting 
is often necessary with analog systems because of the generally high SNRs 
required at the optical receiver (40-60 dB) in comparison with digital systems 
(20-25 dB), to obtain a similar fidelity. Therefore, although analog system 
optical power budgeting may be carried out in a similar manner to digital 
systems (see Section 10.6.6), it is common for the system margin, or the 
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difference between the optical power launched into the fiber and the required 
optical power at the receiver, for analog systems to be quite small (perhaps 
only 10-20 dB when using an LED source to p-i-n photodiode receiver). 
Consequently analog systems employing dir«;t intensity modulation of the 
optical source tend to have a limited transmission distance without repeaters 
which generally prohibits their use for long-haul applications. 

Example 10.13 


A D-IM analog optical fiber rink of length 2 km employs an LED which launches 
mean optical power of -10dBm into a multimode optical fiber. The fiber cable 
exhibits a loss of 3.5 dB km“* with splice tosses calculated at 0.7 dB In addi¬ 
tion there is a connector loss at the receiver of 1.6d^The fy-i-n photodiode 
receiver has a sensitivity of -25dBm tor an SNR (/L/zj,) of 50 dB and with a 
modulation index of 0.5. It i$ estimated that a safety margin of 4dB fs required. 
Assuming there is no di$persior>-e<|ualization penalty: 

fa) Perform an optical power budget for the system operating under the above con¬ 
ditions and ascertain its viability. 

(b) Estimate any possible increase In link length which may be achieved using an 
injection laser source which launches mean optical power of OdBm Into the 
fiber cable. \n this case the safely margin must be increased to 7 dB. 

So/ut/on: (a) Ooticel power budget: 

Mean power launched into the fiber cebte from 

the LED transmitter ^3^^! 

Mean optical power required at the p-i-n photodiode 

receiver for SNR of 50 dB and a modulation index of 0.6 -26 dBm 

Total system margin 15 d5 


Fiber cable loss x 3.6) 7 0 dB 

Splice losses (2 x 0.7) V 4 dB 

Connector loss at the receiver 1.5 

Safety margin 4*0 ^3 

Total system loss 140 dB 


Excess power margin ^ 0 dB 

Hence the system is viable, providing a small excess power margin. 

(b) In order to calculate any possible irKrease in link length when using the injec 
tion laser source we refer to Eq. (10.53), where 

Pt -pQ = (Ofe + Ojli + Ocr + 4fa dB 

Therefore, 

0 dBm-(-25 dBm) * (3.5 + 0.7U. + 16 + 7 0 
and 

4.2£ * 25-8.6 = 16.4 dB 

giving 

16.4 

L ^ ■= 3.9 km 

4.2 
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Hence the use of the injection laser gives a possible Increase in the link length of 
1.9 km or almost a factor of 2. It must be noted that in this case the excess power 
margin has been reduced to zero. 


The transmission distance without rq^eaters for the analog link of example 
10.13 could be extended further by utilizing an APD receiver which has 
increased sensitivity. This could facilitate an increase in the maximum link 
length to around 7 km, assuming no additional power penalties or excess 
power margin. Although this is quite a reasonable transmission distance, it 
must be noted that a comparable digital system could give in the region of 
13 km transmission without repeaters. 

The temporal response of analog systems may be determined from system 
rise time calculations in a similar manner to digital systems (see Section 
10.6.5). The maximum permitted 3 dB optical bandwidth for analog systems in 
order to avoid dispersion penalties follows from Eq. (10,49) and is given by: 




0.35 


ayst 


(10.74) 


Hence calculation of the total system 10-90% rise time r,ys, allows the 
maximum system bandwidth to be estimated. Often this calculation is per¬ 
formed in order to establish that the desired system bandwidth may be achieved 
using a particular combination of system components. 


Example 10.14 

The 10-90% rise times for possible components 10 be used in a D-IM analog optical 
fiber link are specified below: 


Source (LED) 

Fiber cable: Intermodal 
Intramodal 
Detector (APD) 


10 ns 
9 ns km’^ 

2 ns km“* 

3 ns 


The desired link Ier^glh without repeaters is 5 km ar>d the required optical bandwidth 
Is 6 MHz. Determine whether the above combination of components give an 
adequate temporal response. 

Sofution: Equation (10.741 may be used to calculate the maximum permitted 
system rise time which gives the desired bandwidth where: 


0.35 


Tsystlmax)* 


B 


opt 


0.35 
6 X 10* 


= 58.3 ns 


The total system rise time using the specified components can be estimated 
using Eg. (10.43) as; 



460 


OPTICAL FIBER COMMUNICATIONS: PRINCIPLES AND PRACTICE 


Therefore the specified components give a system rise time which is adequate for 
the bandwidth and distance requirements of the optical fiber link. However, there is 
little leeway for upgrading the system In terms of bandwidth or distance without 
replacing one or r^ore of the system components. 


10.7.3 Subcarrier Intanaity Modulation 

Direct intensity modulation of the optical source is suitable for the transmis¬ 
sion of a baseband analog signal. However, if the wideband nature of the 
optical fiber medium is to be fully utilized it is essential that a number of 
baseband channels are multiplexed onto a single fiber link. This may be 
achieved with analog transmission through frequency division multiplexing of 
the individual baseband channels. Tnitially, the baseband channels must be 
translated onto carriers of difTerenl frequency by amplitude modulation (AM), 
frequency modulation (FM) or phase modulation (PM) prior to being 
simultaneously transmitted as an FDM signal. The frequency translation may 
be performed in the electrical regime where the baseband analog signals 
modulate electrical subcarriers and arc then frequency division multiplexed to 
form a composite electrical signal prior to intensity modulation of the optical 
source. 

A block schematic of an analog system employing this technique which is 
known as subcarrier intensity modulation is shown in Fig. 10.42. The 
baseband signals are modulated onto radiofrequency (RF) subcarriers by 
either AM, FM or PM and multiplexed before being applied to the optical 
sburce drive circuit. Hence an intensity modulated (IM) optical signal is 
obtained which may be either AM-IM, FM-IM or PM-IM. In practice, 
however, system output SNR considerations dictate that generally only the 





/ 

\ 



IQcclJOoic 

asnpliftci 


PH 


DeT()o<lu]y((jis 

i^two kveisj 




Analog 

baseband 

ugnals 


keceeve Ivcminai 


Rg. 10.42 Subcarrier intensity modulation system for analog optical fiber tranimlsslon. 
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latter two modulation formats are used. Nevertheless systems may incorporate 
two levels of electrical modulation whereby the baseband channels are initially 
amplitude modulated prior to frequency or phase modulation [Ref. 66|. The 
FM or PM signal thus obtained is then used to intensity modulate the optical 
source. At the receive terminal the transmitted optical signal is detected prior 
to electrical demodulation and demultiplexing (filtering) to obtain the originally 
transmitted baseband signals. 

A further major advantage of subcarrier intensity modulation is the possible 
improvement in SNR that may be obtained during subcarrier demodulation. In 
order to investigate this process it is necessary to obtain a general expression 
for the SNR of the intensity modulated optical eerier which may then be 
applied to the subcarrier intensity modulation formats. Therefore, as with 
D-IM, considered in the previous section, an electrical signal m(t) modulates 
the source intensity. The transmitted optical power waveform is of the same 
form as Eq. (10.59), where: 


p^u) = /’id + mW) 


(10.75) 


Also the secondary photocurrent /(/) generated at an APD receiver following 
Eq, (10.62) is given by: 

m = /^M(l + /n(0) (10.76) 

The mean square signal current may be written as [Ref 65|: 




(10.77) 


where P„ is the total power of m(t). which can be defined in terms of the 
spectral density 5„((o) of m(0 occupying a one-sided bandwidth B„ Hz as: 


m 


1 

J .ikb„ 


■S*(<n) dw 


(10.78) 


Hence the SNR defined in terms of the mean square signal current to mean 
square noise current (i.e. rms signal power to rms noise power) using Eqs. 
(10.77) and (10.66) can now be written as: 


(1\ =£ = 
\N L /n 




2eB„(I. + + (AKTBF, /R J 


I^P 


IBM +h)F(M) + {4KTBFjM^RO 


{RPofPn 


(D-IM) 


(10.79) 




462 OPTICAL FIBER COMMUNICATIONS: PRINCIPLES AND PRACTICE 

where we substitute for /p from Eq. (8.4) and for notational simplicity write: 


+ Id)F{M) + — — (10.80) 

The result obtained in Eq. (10.79) gives the SNR for a direct intensity 
modulated optical source where the total modulating signal power is . In 
this context Eq. (10.79) is singly a more general form of Eq. (10.67). 
However, we are now in a positioD to examine the signal to noise performance 
of various subcarrier intensity modulation formats. 


10.7.4 Subcarrior Double Sideband Moduletion (DSB-IM) 

A simple way to translate the spectrum of the baseband message signal a{t) is 
by direct multiplication with the subcarrier waveform costo^t giving the 
modulated waveform »i(l) as: 

m{i) = .4^0(0 cos to, f (10,81) 

where is the amplitude, and to, the angular frequency of the subcarrier 
waveform. For a cosinusoidal modulating signal (cosco^l) the subcarrier 
electric field £•„(/) becomes; 

^m(0 = COS (We + w„)/ + COS (co, - ov,)r (10.82) 

giving the upper and lower sidebands. The time and frequency domain 
representations of the modulated waveform are shown in Fig. 10.43. It may be 
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observed from the frequency domain representation that only the two sideband 
components are present as indicated in Eq. (10.82). Tliis modulation technique 
is known as double sideband modulation (DSB) or double sideband suppressed 
carrier (DSBSC) amplitude modulation. It provides a more cfTicient method of 
translating the spectrum of the baseband message signal than conventional full 
amplitude modulation where a lai^e carrier component is also present in the 
modulated waveform. 

The DSB signal shown in Fig. 10.43 intensity'modulates the optical source. 
Therefore the transmitted optical power waveform is obtained by combining 
Eqs. (10.75)and(l0.8I) where for simplicity we set the carrier amplitude to 
unity, giving: 


P^U) = F,(l + (KOcosio^O 


(10.83) 


Furthermore, in order to prevent overmodulation 4 the value of the message 
signal is normalized such that |a(r)<l| with power ^ L The DSB 
modulated electrical subcarrier occupies a bandwidth and with a 

carrier amplitude of unity, P„ = Hence, the ratio of rms signal power to 
rms noise power obtained within the subcarrier bandwidth at the input to the 
double sideband demodulator is given by Eq. (10.79), where: 


/s\ . (fipjp, 

I— 1 input DSB *--- 

\nL 2x2B,K 


(10.84) 


However, an ideal DSB demodulator gives a detection gain of 2 or 3 dB 
improvement in SNR [Ref. 67J. This yields an output SNR of: 


(II 


output DSB 


= 2(1) i 
\ N L 


input DSB = 




(10.85) 


Comparison of the result obtained in Eq. (10,85) to that using direct 
intensity modulation of the baseband signal given by Eq. (10.79) shows a 3 dB 
degradation in SNR when employing DSB-IM under the same conditions of 
bandwidth (i.e. =B^X modulating s^al power (i.e. P„ =Fa), detector 
photocurrent and noise. For this reason DSB-IM systems (and also AM-IM 
systems in general) are usually not conridered efFicient For optical fiber com¬ 
munications. Therefore far more attention is devoted to both FM-IM and 
PM-IM systems. 


10.7.8 Subcarrier Frequency Modulation (FM-iM) 

In this modulation format, the subcarrier is frequency modulated by the 
message signal. The conventional form for representing the baseband signal 
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which intensity modulates the opUcal source is iRef. 671: 


m(t)=Ac cos 



( 10 . 86 ) 


where is the angular frequency deviation in r^ians per second per unit of 
ait). To prevent intensity over modulation^ the carrier amplitude ^ 1. The 
generally accepted expression for the bandwidth which is referred to as 
Carson’s rule is given by: 

- 2(Df + i)B, (10.87) 

where is the frequency deviation ratio defined by: 

D frequency deviation (1088) 

' bandwidth of a({) 

The peak frequency deviation in ihe subcarrier FM signal/<, is given by: 

A = k, max|a(r)| (10,89) 

Hence the SNR at the input to the subcarrier FM demodulator is: 



input FM = 


(Rp^HAin) 


(10.90) 


The subcarrier demodulator operating above threshold yields an output SNR 
[Ref. 651: 



output FM=6Z)?{Z)? + 


Substituting for from Eq. (10.87) gives: 



output FM = 


3D^P„(RPj{Ain) 


2B.N. 


0 


(10.91) 


(10.92) 


The result obtained in Eq. (10.92) indicates that a significant improvement 
in the postdetection SNR may be achieved by using wideband FM-IM as 
demonstrated in the following example. 


Example 10.15 

(a) A D-IM and an FM-IM optical fiber cominunicdtion system are operated under 
the same conditions of modulating sigi>al power and bandwidth, detector 
photocurreni and noise. Furthermore, in order to maximize the SNR In the FM-IM 
system, the amplitude of the subcarrier is set to unity. Derive an expression for the 
improvement In post detection SNR of the FM-IM system over the D-IM lyetem. It 
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may be assumed that the SNR is defined in terms of the rms signal power to rms 
noise power. 

(b) The FM-IM system described in (a) has an 80 subcarrier which is 
modulated by a baseband signal with a bartdwidih of 4 kHz such that the peak 
frequency deviation is 400 kHz. Use the result obtained in ^a) to determine the 
improvement in post deleclion SNR fin decibels) over the D-IM system operating 
under the same cortdilions. Also estimate the bandwidth of the FM signal. 

Solution: (a) The output SNR for the [>-IM system is giver by Eq. (10.79) where 
we can write ar>d Hence: 




^ I output D-IM s 






The corresponding output SNR for the FM-IM system is given by Eq, (10,92) 
where setting to unhy gives: 




output FM s 


3D\P^[RP„)^ 

4e,/Vo 


Therefore the improvement in SNR of Ihe FM^^IM system over the D*'lM system Is 
given by: 


SNR improvement ^ 


l30fP^(PPo)^l/(4g,A^c 


SO] 


endr 


SNR improvement in decibels » 10 log,« — Of 

2 

* 1.76 + 20 log^o^f 

(b) The frequency deviation ratio Is given by Eq. (10.88) where: 

AOOxiCP 

0 . =« — *-* 100 

4x ICP 

Therefore the SNR improvement is: 

SNR improvement = 1.76 + 20 log^^ 100 

» 41.76 dB 

The bandwidth of the FM-IM signal may be estimated using Eq. (10.87) where: 

:s^2(Df + 1)5, == 2(100 + 1)4 x 10’ 

= 808 kHz 


This result Indicates that the system la operating ae a wideband FM-lM system. 
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Example 10.15 illustrates that a substantial improvement in the post detec¬ 
tion SNR over D-IM may be obtained using FM-IM. However, it must be 
noted that this is at the expense of a tremendous increase in the bandwidth 
required (808kHz) for transmission of the 4 kHz baseband channel. 

10.7.6 Subcarrier Phaee Modulation (PM-IM) 

With this modulation technique the instantaneous phase of the subcarrier is set 
proportional to the modulating signal. Hence in a PM-IM system the modulat¬ 
ing signal m(t) may be written as IRef. 67]: 

"*(0 — Ac cos(o)^r + fCpOit)) (10.93) 

where is the phase deviation constant in radians per unit of a(t). Again the 
carrier amplitude < I to prevent intensity overmodulation. Moreover, the 
bandwidth of the PM-IM signal i$ given by Carson’s rule as; 

^ 2(D, + \)Bc (10.94) 

where is the frequency deviation ratio for the PM-IM system. In common 
with subcarrier frequency modulation the frequency deviation ratio is defined 
as: 



(10,95) 


where jd is the peak frequency deviation of the subcarrier PM signal, which is 
given by: 


» Alp max 


m) 


d/ 


(10,96) 


The SNR at the input to the subcarrier PM demodulator is: 



. {RPjAl/2 

mput PM sa -- 


(10.97) 


The output SNR from an ideal subcarrier PM demodulator operating above 
threshold is IRef. 651: 



output PM 


PlPARPjAin 


(10.98) 


The result given in Eq. (10.98) suggests that an improvement in SNR over 
D-IM may be obtained using PM-IM, especially when the SNR is maximized 
with Ac = 1. However, comparison of PM-IM with FM-IM indicates that the 
latter modulation format gives the greatest improvement. 
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Example 10.16 


A PM-IM and an FM-IM optical fiber communication system are operated under the 
same conditions of bandwidth, baseband signal power, subcarrier amplitude, fre¬ 
quency deviation, detector photocurreni artd noise Assuming the demodulators for 
both systems are ideal, determine the ratio (In decibels) of the output SNR from the 
FM-IM system to the output SNR from the PM-lM system. 

Solution: The output SNR from the FM-IM system is given by Eq (t 0,92) where: 


(-) 




— I output FM ^ 




Substituting for Df from Eq. (10.88) gives: 




output FM s 


.m, 

The output SNR for the PM-IM system is given by Eq. (10.96) where: 

D^bP^^BP^\‘A\I2 




— 1 output PM rr 


20,/Vo 


Substituting for 0^, from Eq. (10.9$) gives: 


(U, 


output PM s 




The ratio of the output SNRs from the FM-IM and the PM-IM system Is: 

\2i%P^{PP^?Aint\l{2BiN^) 

Ratio * - 

k(,A,(ffAo)^Ai/2l/(2flJ/V<,) 

» 3 

^ 4.77 de 


Example 10.16 shows that the FM-IM sy^item has a superior output SNR 
by some 4.77 dB over the corresponding PM-IM system. Nevertheless, this 
does not prohibit the use of PM-IM systems for analog optical fiber com¬ 
munications as they still exhibit a substantial improvement in output SNR over 
D-IM systems, as well as allowing frequency division multiplexing. It should 
be noted, however, that a similar bandwidth penalty to FM-IM is incurred 
using this modulation format. 


10.7.7 Puis6 Analog Techniquea 

Pulse modulation techniques for analog transmission, rather than encoding the 
analog waveform into PCM, were mentioned within the system design con¬ 
siderations of Section 10.4. The most common techniques are pulse amplitude 
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modulation (PAM), pulse width modulation (PWM), pulse position modula¬ 
tion (PPM) and pulse frequency modulation (PFM). All the pulse analog 
techniques employ pulse modulation in the electrical regime prior to intensity 
modulation of the optical source. However, PAM-IM is affected by source 
nonlinearities and is less efficient than D-IM, and therefore is usually 
discounted. PWM—IM is also ineRicient since a large part of the transmitted 
energy conveys no information as only variations of the pulse width about a 
nominal value are of interest. Alternatively, PPM-IM and PFM-IM offer 
distinct advantages since the modulation affects the timing of the pulses, thus 
allowing the transmission of very narrow pulses. Hence, PPM-IM and 
PFM-IM provide similar signal to noise performance to subcarrier phase and 
frequency modulation whilst avoiding problems involved with source linearity. 
These techniques therefore prove advantageous for longer-haul analog fiber 
links. Although PPM-IM is slightly more efficient it provides less SNR 
improvement over D-IM, than that gained with PFM-IM, where wideband 
FM gain may be obtained. Furthermore, the terminal equipment required for 
PFM-IM is less complex and therefore it is generally the preferred pulse 
analog technique [Refs. 68 and 72-76). For these reasons the system aspects 
of pulse analog transmission will be considered in relation to PFM-IM. 

A block schematic of a PFM-IM optical fiber system is shown in Fig, 
10,44. Pulse frequency modulation in which the pulse repetition rate is varied 
in sympathy with the modulating signal is performed in the PFM modulator 
which consists of a voltage controlled oscillator (VCO). This in turn operates 
the optical source by means of either a fixed pulse width or a fixed duty cycle 
(e.g. 50%). Demodulation in the system shown in Fig. 10.44 is by regenerative 
baseband recovery, whereby the individual pulses are detected in a wideband 
receiver before they are regenerated with a limiter and monosiable. This 
provides the desired modulating signal as a baseband component which is 
recovered through a low pass filter. 






Pig. 10,44 A PPM-IM optlcil fiber fyetam employing regenerative beeebend reeovery. 
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Regenerative baseband recovery gives the best SNR at the system output. 
A simpler PFM demodulation technique for fixed width pulse transmission is 
direct baseband recovery. In this case, because a baseband component is 
generated at the transmit terminal, detection may be performed with a low 
bandwidth receiver and the modulating signal obtained directly from a low 
pass filter. However, this technique ^ves a reduced SNR for a given optical 
power and therefore does not find wide application. 

The SNR in terms of the peak to peak signal power to rms noise power of a 
PFM-IM system using regenerative baseband recovery is given by IRef. 681: 

(1\ (10.99) 

where Tq is the nominal pulse period which is ^juivalent to the reciprocal of 
the pulse rate is the peak to peak frequency deviation, R is the 

photodiode responsivity, M is the photodiode multiplication factor, Pp^ is the 
peak received optical power, Tt^ is the pulse rise time at the regenerator cireuit 
input, B is the post detection or effective baseband noise bandwidth and ^ is 
the receiver mean square noise current. It may be noted that improved SNRs 
are obtained with short rise lime detected pulses. Moreover, the pulse rise time 
at the regenerator circuit input is dictated by the overall 10-90% system rise 
time so there is no advantage in using a wideband receiver with a better 
pulse rise time than this. In fact such a receiver would degrade the system 
performance by passing increased from end noise. Therefore in an optimized 
PFM regenerative receiver design. Tr = and following Eq, (10.43): 

Tr 1.1 (Ti + n + n + (10.100) 

where Tj, 71,, T, and Tj, are the rise times of the source (or transmitter), the 
fiber (intermodal and intramodal) and the detector (or receiver) respectively. 


Example 10.17 

An optical fiber PFM-IM system for video transmission employs regenerative 
baseband recovery. The system uses graded Index fiber and an APO detector and 
has the following operational parameters: 


Nominal pulse rale 20 MHz 

Peak to peak frequency deviatw 5 MHz 

APD responsivity Q-7 

APD multiplication factor 60 

Total system 10-90% rise time 12 ns 

Baseband noise bandwidth 6 MHz 

Receiver mean square noise current 1 x 10"'^ A* 


Calculate: {a) the optimum receiver bandwidth; (b) the peak to peak signal power to 
rme noise power ratio obtained when the peak Input optical power to the receiver Is 

-40dBm. 

Sohiffont is) for an optimized dMign the pulse rise tims-at the regenerator circuit 


470 


OPTICAL FIBER COMMUNICATIONS: PRINCIPLES AND PRACTICE 


is equal to the total system rise time, hence Tr = 12 ns. The optimum receiver 
bandwidth is simply obtained by taking the reciprocal of 7 r, 

Solution: (a) For an optimized design the pulse rise time at the regenerator circuit 
is equal to the total system rise time, hence Tr = 12 ns. The optimum receiver 
bandwidth is simply obtained by taking the reciprocal of 7 r giving 83.3 MHz 
(b) The nominal pulse period T^{= is 5 x 10^sand the peak optical power 
at the receiver Is 1 x Kr"’W. Therefore, the peak to peak signal to rms noise ratio 
may be obtained using Eq. (10.99), where: 

\N /p p (2 *TrS)*^ 

3(5 X 10-® X 5 X 10* X 60 X 0-7 X 10-’)* 

(2* X 12 X X 6 X 10*)* X 10'*’ 

* 1.62 X 10* 

» 62.1 dB 


The result of example 10.17(b) illustrates the possibility of acquiring high 
SNRs at the output to a PFM-IM system using a regenerative receiver with 
achievable receiver noise levels and with moderate input optical signal power 
to the receiver, 


10.8 COHERENT SYSTEMS 

The detection of an intensity modulated optical carrier is basically a photon 
counting process where each detected photon is converted into an electron- 
hole pair (or in the case of the APD a number of pairs due to avalanche gain). 
It was indicated in Section 7.5 that this process which ignores the phase and 
polarization of the electromagnetic carrier may be readily implemented with 
currently available optical components. Thus all the previous discussion in this 
chapter involving both digital and analog systems has been applied to an 
intensity modulated optical carrier. However, receivers designed to detect the 
intensity modulated lightwave are often limited by noise generated in the 
electronic amplifier, except at very high SNRs. This reduces receiver sensitivity 
below the quantum noise limited conditions by at least 10-20 dB. It has been 
demonstrated that improved sensitivity may be obtained using well-known 
coherent detection techniques for the optical signal (i.e. heterodyne or 
homodyne detection). These methods have been successfully applied in free 
space optical communication systems nrin g gas lasers [Ref. 77]. 

Coherent optical fiber transmission requires the direct modulation of the 
amplitude (direct AM), frequency (direct FM) or phase (direct PM) of a 
coherent optical carrier prior to demodulation using coherent detection. In the 
case of digital transmission this intf^es amplitude, frequency or phase shift 
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keying (ASK, FSK or PSK) modulation techniques [Ref. 671. Coherent detec¬ 
tion by heterodyning involves the mixing of tiie incoming signal with a local 
optical oscillator to produce an intermediate frequency (IF), which is a 
difference signal (or difference frequency) carrying the modulating information 
signal. This signal may then be processed using standard techniques I Ref. 67], 
Alternatively, with homodyne detection a local oscillator is set at the same fre¬ 
quency and phase as the coheiwt carrier, prior to optical mixing, which then 
translates the required information s^al into the baseband. 

A principal advantage of coherent detection for optical systems is the fact 
that the local oscillator power may be set such that the receiver noise is 
dominated by the shot noise contribution from the local oscillator. Further¬ 
more, the signal power is proportional to the local oscillator power giving, for 
large local oscillator powers, an SNR which is independent of electronic 
amplifier noise. This allows a significant improvement in SNR at the receiver. 
In free space optical communications the SNR at the receiver output when 
using heterodyne detection may be shown I Ref. 78] to be at least a factor of 8 
(or 9dB) higher than that for subcarrier intensity modulation; the SNR 
improvement using homodyne in a similar system is at least a factor of 4 (or 
6 dB). Conversely, investigation of digital optical modulation formats for 
coherent transmission [Ref. 791 indicates that PSK homodyne detection gives 
the best sensitivity by some l6-22dB over ASK baseband direct detection. 
PSK heterodyne detection also proves to be the most sensitive heterodyning 







FIq. 10.46 A coherent optical fiber system employing heterodyne detection [Ref. 84|. 
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technique with a minimum detectable power only 3 dB higher than that of PSK 
homodyne detection. Hence this shot noise limited detection offers to provide a 
distinct increase in the potential repeater spacing for optical fiber links. 
Moreover, coherent transmission will allow high capacity information transfer 
using frequency division multiplexing with fine frequency separation. This in 
turn will allow full exploitation of the low loss transmission windows in the 
longer wavelength region (around 1.3 pm and 1.55 pm). 

However, there are problems associated with coherent optical fiber 
transmission which can be observed by considering the block schematic of a 
possible system employing heterodyne detection shown in Fig. 10.45 [Ref. 80]. 
The transmitter comprises an injection laser source which acts as an optical 
frequency oscillator, the output of which is modulated by the information 
signal using a suitable optical modulator. The directly modulated optical 
carrier is then launched into a single mode fiber through an optical adapter. 
The received optical signal is mixed with the output from the local optical 
oscillator, which is also provided by a suitable injection laser. To permit 
satisfactory heterodyne detection, the optical mixer must combine the 
polarized optical signal field with the similarly polarized local optical field in 
the most efficient manner Ideally this device would be realized using 
integrated optical techniques (see Section 11.7). Finally, the signal is 
demodulated to obtain the originally transmitted information. For such a 
system to be practical both the source and local oscillator must be spectrally 
pure and frequency stabilized with respect to each other, Although this has 
proved possible using gas lasers, suitable semiconductor injection lasers are 
not easily obtained. The frequency stabilization of good, pure frequency, single 
mode injection lasers by control of temperature and injection current has 
received some attention [Refs. 81 and 82), but work is still at a preliminary 
stage. In this context injection locked semiconductor lasers or optical voltage 
controlled oscillators operating a very low input level may prove essential 
[Ref. 83]. 

In order to achieve coherent transmission a single polarization state of the 
fundamental HE,, mode must be launched into and maintained in the fiber. 
Therefore a suitable optical adapter (e.g. birefringent plate) is required to 
adjust the polarization of the input optical wave to one of the orthogonal 
polarization states of the single mode fiber cable. Such an adapter will also 
ensure the best possible matching to maximize the launching efficiency into the 
fiber. Finally, the fiber cable must be capable of maintaining this carrier 
polarization state over its length for coherent detection to take place at the 
receiver. This aspect of coherent transmission is also currently under investiga¬ 
tion as discussed in Section 3.12. 

Therefore the realization of practical coherent optical fiber transmission 
systems requires further research and development of the optical system com¬ 
ponents. Nevertheless, the feasibility of coherent transmission has been shown 
with the successful demonstration of optical FSK heterodyne detection using a 
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semiconductor laser source and local oscillator I Ref. 841. Furthermore the 
potential benefits of these systems, especially in the area of long-haul, wide¬ 
band optical fiber communications ensures that interesting developments may 
be anticipated in the near future. 


PROBLEMS 


10.1 Discuss the major conskleraiions in the des^n of digital drive circuits for; 

(a) an LED source; 

(b) an injection laser source. 

Illustrate your answer with an example of a drive circuit for each source. 

10.2 Outline, with the aid of suitable diagrams, possible techniques for; 

(a) the linearization of LED transmitters; 

(b) the maintenance of constant optical output power from an injection 
laser transmitter. 


10.3 


10.4 


Discuss, with the aid of a block diagram, the function of the major elements 
of an optical fiber receiver. In addition, describe possible techniques for 
automatic gain control in A PD receivers. 


Equalization within an optical receiver may be provided using the simple fre¬ 
quency Tollup' circuit shown in Fig. 10.46(a). The normalized frequency 
response for this circuit is illustrated in Fig. 10.46(b), 

The amplifier indicated in Fig. 10.46(a) presents a load of 5 ktt to the 
photodetector and together with the photodetector gives a total capacitance 
of 5 pF, However, the desired response from the amplifier-equalizer con¬ 
figuration has an upper 3 dB point or corner frequency at 30 MHz. Assum¬ 
ing is fixed at 100 O determine the required values for C | and i in order 
to obtain such a response. 


c, 


ufibeeHuUiM 4 
rrvgumy mponst 




ng. 10.46 The ecualizer of problem 10.4: ta) the fr^uency rollup' circuit; ib) the 
spectral transfer characteristic for the circuit 


10.6 


Describe the cenversiem of an analog signal into a pulse code modulated 
waveform for transmission on a digital optical fiber link. Furthermore 
indicate how several signals may be multiplexed onto a single fiber link. 

A speech signal is sampled at 8 kHz and encoded using a 256 level binary 
code. What is the minimum transmission ^ate for this single pulse code 
modulated speech signal? Comment on the result. 
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10.6 A 1.5 MHz information signal with a dynamic range of 64 mV is sampled, 
quantized and encoded using a direct binary code. The quantization is linear 
with 512 levels. Dcterinine: 

(a) the maximum possible bit duration; 

(b) the amplitude of one quantization level. 

10.7 Describe, with the aid of a suitat^e block diagram, the operation of an optical 
fiber regenerative repeater. Indicate reasons for the occurrence of bit errors in 
the regeneration process and outline a technique for establishing the quality 
of the channel. 

10.8 Twenty-four 4 kHz speech channels arc sampled, quantized, encoded and 
then time division multiplexed for transmission as binary PCM on a digital 
optical fiber link. The quantizer is linear with 0.5 mV steps over a dynamic 
range of 2.048 V. 

Calculate: 

(a) the frame length of the PCM transmission, assuming an additional 
channel time slot is used for signalling and synchronization; 

(b) the required channel bandwidth assuming NRZ pulses. 

10.9 Develop a relationship between the error probability and the received SNR 
(peak signal power to rms noise power ratio) for a baseband binary optical 
fiber system. It may be assumed that the number of ones and zeros are 
equiprobaWe and that the decision threshold is set midway between the one 
and zero level. 

The electrical SNR (defined as above) at the digital optical receiver is 
20.4 dB. Determine: 

(a) the optical SNR; 

(b) the BER. 

It may be assumed that erfc(3.7t)» 1,7 x 10“’. 

10.10 The error function (erf) is defined in the text by Eq. (10,16). However an 
error function also used in communications is defined as: 

Erf(tt)*—- f exp(-4r’/2)dx 

V^(2ft) 

where a capital E is used to denote this form of the error function. The 
corresponding complementary error function is: 

Erfc(i/) = 1 ^Erf(«) = —^— f exp(-xV2)dJc 

Ju 

This complementary error function is also designated as Q{u) in certain texts. 
Use of Erfc («) or Q(u) is sometimes considered more convenient within com¬ 
munication systems. 

Develop a relationship for crfc(w) in terms of Erfc («). Hence obtain an 
expression for the error probability I\t) as a function of the Erfc for a binary 
digital optical fiber system where the decision threshold is set midway 
between the one and zero levels and the number of transmitted ones and 
zeros are equiprobable. In additkm given that Erfc (4.75) si x 10“^ 
estimate the required peak signal power to rmi noise power ratios (both 
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optical and declrical) at the receiver of such a system in order to maintain a 

T»T-T1 1 /\-6 


BER of 10 


10.11 Show that Eq. (9.27) reduces to Eq. (10.28). Hence determine F(M) when 

= 0.3 and M = 20. 

10.12 A silicon APD detector is udhzed in a baseband binary PCM receiver where 
the decision threshold is set midway between the one and zero signal level. 
The device has a quantum efficiency of 70% and a ratio of carrier ionization 
rates of 0.05. In operation the APD has a multiplication factor of 65. Assum¬ 
ing a raised cosine si^aJ spectrum and a zero disparity code, and given that 
erfc(4.47)^^2 X 

(a) estimate the number of photons required at the receiver to register a 
binary one with a BER of 10”'^; 

(b) calculate the required incident optical power at the receiver when the 
system is operating at a wavelength of 0.9 pm and a transmission rate 
of 34Mbit s'*; 

(c) indicate how the value obtained in (b) should be modified to com¬ 
pensate for a ZB4B Nne code. 

10.13 A photodiode receiver requires 2 x 10^ incident photons in order to 
register a binary one with a BER of 10"’. The device has a quantum 
efficiency of 65%. Estimate in decibels the additional signal level required in 
excess of the quantum limit for this photodiode to maintain a BER of 10 

10.14 An optical Rber system employs an LED transmitter which launches an 
average of 300 pW of optical power at a wavelength of 0.8 ^lm into the 
optical fiber cable. The cable has an overall attenuation (including joints) of 
4dBkm“^ The APD receiver requires 1200 incident photons in order to 
register a Ixnary one with a BER of 10“*^. Determine the maximum 
transmission distance (without repeaters) provided by the system when the 
transmission rate is I Mbits"* and 1 Obits"* such that a BER of 10 is 
maintained. 

Hence sketch a graph showing the attenuation limit on transmission 
distance against the transmission rate for the system. 

10.15 An optical fiber system uses fiber cable which exhibits a loss of 7 dB km"*. 
Average splice losses for the system are 1.5 dB km ', and connector losses at 
the source and detector are 4dB each. After safely margins have been 
allowed, the lotaJ pcrmilted channel loss is 37 dB. Assuming the link to be 
attenuation limited, delenninc the mawmum poSvSible transmission distance 
without a repeater. 

10.16 Assuming a linear increase in pulse broadening with fiber length, show' that 
the transmission rate Bj(DL) at which a digital optical fiber system becomes 
dispersion limited is given by: 


I 




(OdB + Oj)_ 

5ai<km) l01og,o(/^,//^o) 


where OrCkm) is the total nm pulse broadening per kilometer on the link 
(hint: refer to Eqs. (3.3) and (3.I0)X 


/ 
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(a) A digital optical fiber system using an injection laser source displays 
rms pulse broadening of I ns km' *. The fiber cable has an attenuation 
of 3.5 dB km"* and joint losses average out to I dB km"^ Estimate 
the transmission rale at the dispersion limit when the difference in 
optical power levels b^ween the input and output is 40 dB. 

(b) Calculate the dispersion limited transmission distance for the system 
described in (b) when the transmission rates are 1Mbit s'' and 
I Gbit s'V Hence sketch a graph showing the dispersion limit on 
transmission distance against the transmission rate for the system. 

10.17 The digital optical fiber system described in problem 10.16(a) has a transmis¬ 
sion rate of 50Mbits'* and operates over a distance of 12km without 
repeaters. Assuming Gaussian shaped pulses, calculate the dispersion- 
equalization penalty exhibited by the system for the cases when: 

(a) there is no mode coupling; and 

(b) there is mode coupling. 

10.18 A digital optical fiber system uses an RZ pulse format. Show that the 

maximum bit rate for the system ntay be estimated using the expres¬ 

sion: 

0.35 

^T(niax)s- 

where is the total system rise time. Comment on the possible use of the 
factor 0.44 in place of 0.35 in ihe above relationship. 

An optical fiber link is required to operate over a distance of 10 km 
without repeaters. The fiber available exhibits a rise lime due to intermodal 
dispersion of 0.7 ns km"*, and a rise lime due to intramodal dispersion of 
0.2 ns km"‘. In addition the A PD detector has a rise time of 1 ns. Estimate 
the maximum rise time allowable for the source in order for the link to be 
successfully operated at a transnaission rate of 40 Mbit s"* using an RZ pulse 
formal. 

10.19 A digital single mode optical fiber system is designed for operation at a 
wavelength of 1.5 pni and a transmission rate of 560 Mbit s'^ over a distance 
of 50 km without repeaters. The single mode injection laser is capable of 
launching a mean optical power of -13 dBm into the fiber cable which 
exhibits a loss of 0.35 dB km'*. In addition splice losses are 0.1 dB km'*. 
The connector loss at the receiver is 0.5 dB and the receiver sensitivity is 
-39 dBm. Finally an extinction ratio penalty of i dB is predicted for the 
system. Perform an optical power budget for the system and determine the 
safety margin. 

10.20 Briefly discuss the reasons for the use of block codes in digital optical fiber 
transmission. Indicate the advantages and drawbacks when a 556^ code is 
employed. 

10.21 A D-IM analog optical fibtf system utilizes a p-i-n photodiode receiver. 
Derive an expression for the mu s^nal power to rms noise power ratio in the 
quantum limit for this system. 

Thtp-hn photodiode in the i^ove system has «reiponilvlty orO.5 at the 
operating wavelangth ^0.13 urn. Furthermore (he system hu i modulitlon 
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index of 0.4 and transmits over a bandwidth of 5 MHz. Sketch a graph of the 
quantum limited receiver sensitivity against the received SNR (rms signal 
power to rms noise power) for the system over the range 30-60 dB. It may be 
assumed that the photo<tiode dark current is negligible. 

10.22 In practice the analog optical fiber reedver of problem 10.21 is found to be 
thermal noise limited. The mean square thermal noise current for the receiver 
is 2 X KT^ Hz"*. Determine the peak to peak signal power to rms noise 
power ratio at the receiver when the average incident optical power is 
-17.5 dBm. 

10.23 An analog optical fiber system has a modulation bandwidth of 40 MHz and a 
modulation index of 0.6. The system utilizes an APD receiver with a 
responsivity of 0.7 and is quantum noise limited. An SNR (rms signal power 
to rms noise power) of 35 dB is obtained when the incident optical power at 
the receiver is -30 dBm. Assuming the detector dark current may be 
neglected, determine the excess avalanche noise factor at the receiver. 

10.24 A simple analog optical fiber link operates over a distance of 15 m. The 
transmitter comprises an LED source which emits an average of I raW of 
optical power into air when the drive current is 40 mA. Plastic fiber cable 
with an attenuation of 500 dB km*‘ ^ the transmission wavelength is 
utilized. The minimum optical power level required at the receiver for 
satisfactory operation of the system is 5 ^W. The coupling losses at the 
transmitter and receiver are 8 and 2 dB respectively. In addition a safety 
margin of 4 dB is necessary. Calculate the minimum LED drive current 
required to maintain satisfactory system operation. 

10.2B An analog optical fiber system employs an LED which emits 3 dBm mean 
optical power into air. However, a coupling loss of 17.S dB is encountered 
when launching into a fiber cable. The fib^ cable which extends for 6 km 
without repeaters exhibits a loss of 5 dB km‘*. It is spliced every 1.5 km with 
an average loss of 1.1 dB per splice. In addition there is a connector loss at 
the receiver of Q.8 dB. The PIN-FET receiver has a sensitivity of -54 dBm at 
the operating bandwidth of (he system. Assuming there is no dispersion- 
equalization penalty, perform an optical power budget for the system and 
establish a safety margin. 

10.26 Indicate the techniques which may be used for analog optica) fiber transmis¬ 
sion where an electrical subcanw is employed. Illustrate your answer with a 
system block diagram showing the multiplexing of several signals onto a 
single analog optical fiber link. 

10.27 A narrowband FM-IM optical signal has a maximum frequency deviation of 
120 kHz when the frequency deviation ratio is 0.2. Compare the post detec¬ 
tion SNR of this signal with that of a DSB-IM optical signal having the same 
modulating signal power, bandwidth, detector photocurrent and noise. Also 
estimate the bandwidth of Ihc FM-IM signal. Comment on both results. 

10.28 A frequency division multiplexed critical fiber system uses FM-IM. It has 50 
equal amplitude voice diannels each bandlimited to 3.5 kHz. A 1 kHz guard 
band is provided between Che channds andbelow the first channel. The peak 
frequency deviation for the system is 135 MHz. Determine the transmission 
bandwidth for this FDM system. 
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10.29 An FM-IM system utilizes pre-emphasis and de-emphasis to enhance its 
performance in noise |Ref. 65). TTie de-emphasis filter is a first order RC low 
pass filter placed at the demodulator to reduce the total noise power. This 
niter may be assumed to have an amplitude response given by: 


lWde(«))l = 


I 

1 -I- 


where Oc =2ii^ = l/RC. 

The SNR improvement over FM-IM without pre-emphasis and de¬ 
emphasis is given by: 


1 

SNR^ improvement« — 



where is the bandwidth of the baseband signal and fc<Bg. 

(a) Write down an expression for the amplitude response of the pre- 
emphasis filler so that there is no overall signal distortion. 

(b) Deduce an expression for the post detection SNR improvement in 
decibels for the FM^IM system with pre-empbasis and de-emphasis 
over a D-IM system operating under the same conditions of modulat¬ 
ing signal power and bandwidth, photocurrent and noise. It may be 
assumed that/. < 

(c) A baseband signal with a bandwidth of 300 kHa is transmitted using 
the FM-IM system with pre-emphasis and de-emphasis. The maxi¬ 
mum frequency deviation for the system is 4 MHz. In addition the de¬ 
emphasis niter comprises a 500 O resistor and a 0.1 capacitor. 
Determine the post detection SNR improvement for this system over a 
D-IM system operating under the same conditions of modulating 
signal power and bandwidth, photocurrent and noise. 


10.30 A PM-IM optical fiber system operating above threshold has a frequency 
deviation ratio of 15 and a transmission bandwidth of 640 kHz. 

(a) Estimate the bandwidth of the baseband message signal. 

(b) Compute the post detection SNR improvement for the system over a 
D-IM system operating with the same modulating signal power and 
bandwidth, detector photocurrent and noise. 


10.31 Discuss the advantages and drawbacks of die various pulse analog tech¬ 
niques for optical fiber transnuswn. Describe the operation of a PFM-IM 
optical fiber system employing regenerative baseband recovery. 


10»32 An optical fiber PFM-IM system uses regenerative baseband recovery. The 
optical receiver which incorporates a photodiode has an optimized 
bandwidth of 125 MHz. The other system parameters are: 


Nominal pulse rate 
Peak to peak frequency deviation 
p-i-n photodiode responsivHy 
Baseband noise bandwidth 
Receiver mean square noise current 


35 MHz 
8 MHz 
0.6 A W-‘ 

10 MHz 

3 X 10-” A* Hz-' 
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(a) Calculate the peak levd of incideot optical power necessary at the 
receiver to maintain a peak to peak signal power to rms noise power 
ratio of 60 dB. 

(b) The source and detector have rise rimes of3.5and5.Ons respectively. 
Estimate the maximum permissible total rise time for the fiber cable 
utilized in the system such that satisfactory operation is maintained. 
Comment on the value obtained. 

10.33 Discuss, with the aid of a suitable system block diagram, coherent optical 
fiber transmission. Indicate the system component requirements necessary to 
achieve successful coherent operation. 


Answers to Numerical Problems 


10.4 

33.0 pF, 472 n 

10.19 

2.1 dB 

10.5 

64 kbit r' 

10.21 

40 nW. 40 pW 

10.6 

(a) 37 ns; (b) 125 pV 

10.22 

49.0 dB 

10.8 

(a) 300 bits; <b) 1.2 MH 2 

10.23 

3.1 

10.9 

(a) 10,2 dB; (b) 3.4 x lO"’ 

10.24 

35.5 mA 

10.10 

«e)« Erfc ((S/N)V2X 19.6 dB 

10.25 

5.4 dB 

10.11 

7.4 

10.27 

Ratio of output SNRs (rms sig¬ 

10.12 

(a) 1400; (b) -52.8 dBm; (c) 


nal power to rms noise power) 


-51,8 dBm 


for FM-IM to DSB-IM is 

10.13 

27,9 dB 


-9,21 dB, 1200 kHz 

10.14 

15.76 km. 8.26 km 

10.28 

3.15 MHz 

10.15 

3.41 km 

10.29 

(a) 1 + (o)/a)„)^ 

10.16 

(a) 22.5 Mbit s*'; (b) 200 km. 


(bt -3 + 20 login 


0,2 km 


(c) 59.0 dB 

10.17 

(a) 16.6 dB; (b) 0.1 dB 

10.30 

(a) 20 kHz; (b) 20,5 dB 

10.18 

3.04 ns 

10.32 

(a) -24.4 dBm; (b) 4.6 ns 
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Applications and Future 
Developments 


11.1 INTRODUCTION 

In order to appreciate the many areas in which the application of lightwave 
transmission via optical fibers may be beneficiaU it is useful to review the 
advantages and special features provided by this method of communication. 
The primary advantages-obtain^ using optica] fibers for line transmission 
were discussed in Section 1.3 and may be summarized as follows: 

(a) enormous potential bandwidth; 

(b) small size and weight; 

(c) electrical isolation; 

(d) immunity to interference and crosstalk; 

(e) signal security: 

(f) low transmission Joss; 

(g) ruggedness and flexibility; 

(h) system reliability and ease of maintenance; 

(i) potential low cost. 

Although this list is very impressive, it is not exhaustive and several other 
attributes associated with optical liber communications have become apparent 
as the technology has developed. Perhaps the most significant are the reduced 
power consumption exhibited by optical fiber systems in comparison with their 
metallic cable counterparts and their ability to provide for an expansion in the 
system capability often without fundamental and costly changes to the system 
configuration. For instance, a system may be upgraded by simply changing 
from an LED to an injection laser source, by replacing a p-i-n photodiode 
with an APD detector, or alternatively by operating at a longer wavelength 
without replacing the fiber cable. 

The use of fibers for optical communication does have some drawbacks in 
practice. Hence to provide a balanced picture these disadvantages must be 
considered. They arc: 

(a) the fragility of the bare fibers; 

4S4 
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(b) the small size of the fibers and cables which creates some difficulties with 
splicing and forming connectors; 

(c) some problems involved with forming low loss T-couplers; 

(d) some doubt in relation to the long-term reliability of optical fibers in the 
presence of moisture (effects of stress corrosion—see Section 4.6); 

(e) an independent electrical power feed is required for any repeaters; 

(f) new equipment and field practices are required; 

(g) testing procedures tend to be more complex. 

A number of these disadvantages are not just inherent to optical fiber systems 
but are always present at the inlroduction of a new technology. Furthermore, 
both continuing developments and experience with optica! fiber systems are 
generally reducing the other problems. 

The combination of the numerous attributes and surmountable problems 
makes optica) fiber transmission a very attractive proposition for use within 
national and international telecommunication networks (PTT applications). To 
date applications for optical fiber systems in this area have proved the major 
impetus for technological developments in the field. The technology has 
progressed from what may be termed first generation systems using multimode 
step index fiber and operating in the shorter wavelength region (0.8-0.9 pm), 
to second generation systems utilizing multimode graded index fiber operating 
in both the shorter and longer wavelength regions (0.8-1.6 pm). Furthermore, 
fully engineered third generation systems incorporating single mode fiber pre¬ 
dominantly for operation in the longer wavelength region (1.1-1.6 pm) have 
been accepted for commercial operation in the public telecommunications 
network. In addition many alternative fiber systems applications have become 
apparent in other areas of communications where often first and second 
generation systems provide an ideal solution. Also the growing utilization of 
optical fiber systems has stimulated tremendous research efforts towards 
enhanced fiber design. This has resulted in improvement of the associated 
optoelectronics as well as investigation of ^passive’ optics which are likely to 
provide an advance in the current ^state of the art’ of optical fiber communica¬ 
tions together with an expansion in its areas of use. Hence, what may be 
termed fourth generation systems are already close to realization being con¬ 
cerned with both coherent transmission (see Section 10.8) and integrated 
optics (see Section 11.7). Even fifth generation systems could be on the 
horizon judging from the results of preliminary investigations [Ref. 1 and 21. 
These seek to utilize nonlinear pulse propagation in optical fibers to provide 
greatly increased channel capacity whilst exhibiting compatibility with inte¬ 
grated optical systems which function in a nonlinear environment. 

In this chapter we consider current and pcKential applications of optical fiber 
communication systems together with some likely future developments in the 
general area of optical transmission and associated components. The discus¬ 
sion is primarily centered around application areas including the public 
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network, military, civil and consumer, industrial and computer systems which 
are dealt with in Sections 11.2 to 11.6. However, this discussion is extended in 
Sections 11.7 and 11.8 with a brief review of integrated optical techniques and 
devices so that the reader may obtain an insight into the technological develop¬ 
ments which it is generally believed will instigate further generations of optical 
fiber communication systems. 


11.2 PUBLIC NETWORK APPLICATIONS 

The public telecommunications network provides a variety of applications for 
optical fiber communication systems. It was in this general area that the 
suitability of optical fibers for line transmission first made an impact. The 
current plans of the major PTT administrations around the world feature the 
installation of increasing numbers of optical fiber links as an alternative to 
coaxial and high frequency pair cable systems. In addition it is indicated 
[Ref. 3] that administrations appear to be abandoning plans for millimetric 
waveguide transmission (see Section l.l) in favor of optical fiber communica¬ 
tions. 

11,2.1 Trunk Network 

The trunk or toll network is used for carrying telephone traffic between major 
conurbations. Hence there is generally a requirement for the use of transmis¬ 
sion systems which have a high capacity in order to minimize costs per circuit. 
The transmission distance for trunk systems can vary enormously from under 
20 km to over 300 km, and occasionally to as much as 1000 km. Therefore 
transmission systems which exhibit low attenuation and hence give a 
maximum distance of unrepeatered operation are the most economically 
viable. In this context optical fiber systems with their increased bandwidth and 
repeater spacings offer a distinct advantage. This may be observed from 
Fig. 11.1 [Ref. 4| which shows a cost comparison of different high capacity 
line transmission media. It may be observed that optical fiber systems show a 
significant cost advantage over coaxial cable systems and compete favorably 
with millimetric waveguide systems at all but the highest capacities. It may 
also be noted that only digital systems are compared. This is due to the advent 
of the fully integrated digital public network which invariably means that the 
majority of trunk routes wiD employ digital transmission systems. 

The speed of operation of most digital trunk optical fiber systems are based 
on the principal digital hierarchies for Europe and North America which were 
shown in Table 10.1. Proprietary systems (where one contractor supplies the 
complete system in order to minimize interface problems) operating at 
34 Mbit s*' and 140 M bit s’’ have been installed in the trunk network in the 
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Fig. 11.1 Relative present value cost comparison of different high capacity line transmis¬ 
sion media. Reproduced with permission of the International Telecommunica* 
tion Union tlTUK Geneva. Switzerland, from C. J. Ully^ The application of 
optical fibres In the trunk networic'. fTU Tei 0 co/nmunicau'on Journ$f, 49- 
II/1982. p. 109. 


UK on low and high growth rate trunk routes respectively. In the main these 
systems operate in the 0.85-0.9 {un wavelength region using injection laser 
sources via graded index fiber to silicon APD detectors with repeater spacings 
of between 8 and 10 km. A typical system power budget for a 140 Mbit s'^ 
system operating over 8 km of multimode graded index fiber at a wavelength 
of 0.85 is shown in Table 1 l.l [Ref. 5]. The mean power launched from 
the laser into the fiber may be improved by over 3 dB using lens coupling 
rather than the butt launch indicated. 

High radiance LED sources emitting at 1.3 pm are also being used with 
multimode graded index fiber in proprietary trunk systems operating at both 


Tabl« 11.1 A typical optical power budget h>r a 140 Mbit s'*' trunk system operating 
over 8 km of multimode graded index fiber at a wavelength of 0.85 


Mean power launched from the laser transmitter (butt coupling) -4.5 dBm 

APD receiver sensitivity at 140 Mbits"' (BER 10“*) -48.0 dBm 


Tota I system m a rgi n 43.5 dS 


Cabled fiber loss (8 x 3 dS km~M 24.0 dB 

Splice losses (9 x 0.3 dB each) 2.7 dB 

Connector loss (2 x 1 dB each) 2.0 dB 

Dispersion-equalization penalty 6 0 dB 

Safety margin 7.0 dB 


Total system loss 41.7 dB 


Excess power margin 1.8 dB 
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34 Mbits"' and 140Mbits"* most notably in a link between London and 
Birmingham which is 205 km in length. Field trials of single mode fiber 
systems operating in the longer wavelength region have demonstrated 
repealeriess transmission at 56S Mbits* over 62 km at 1.3 pm and 
140 Mbits"' over 91km at 1.5 pm [Ref. 6|. These field trials have been 
followed by the installation of pro|xi^ary long wavelength single mode 
systems utilizing PIN—FET hytvid receivers between Luton and Milton 
Keynes, a distance of 27.3 km, and over 52 km between Liverpool and 
Preston. The provisional optical power budget for the former system is given in 
Table 11.2 [Ref. 7|. 

It may be noted that the single mode fiber system depicted in Table 11.2 has 
a lower total system margin than the multimode fiber system operating at 
0.85 pm outlined in Table 11.1. This is caused by the difficulty of launching 
light into the smaller single mode fiber as well as the reduced sensitivity of the 
PIN-FET hybrid receiver operating at 1.3 pm in comparison with the silicon 
A PD receiver operating at 0.85 pm. Nevertheless the low loss (0.6 dB km’^) of 
the single mode fiber when operating in the longer wavelength region together 
with the absence of any dispersion-equalization penalties more than com¬ 
pensates for these drawbacks; in this case allowing transmission distance of 
27.3 km without repeaters. In the UK public network a 30 km unrepeatered 
transmission distance (or repeater spacing) is quite sufficient since it is the 
maximum spacing between existing surface stations and hence power feed 
points. This removes any requirement for the installation of a metallic con* 
ductor for power feed within the system as well as allowing any repeaters to be 
installed above ground in a protected internal environment. Benefits gained 
include significantly reduced system costs along with additional reliability and 
ease of maintenance. 


Table 11.2 Optical power budget for 140 Mbh single mode fiber trunk system 

operating over 27.3 km at a waveler>g(h of 1.3 ttrn 


Mean power launched from the laser transmitter -6 dBm 

PIN-FET hybrid receiver sensKivity at 140Mbits"' at 1.3 

wavelength (BER 10"*) -36 dBm 


Total system margin 30 dB 


Cabled fiber loss (27.3 x 0.6 dB km"*) 16.4dB 

Splice losses (27 x 0.16 dB average) 4.1 dB 

Connector loss (2x1.5dB) 3 0dB 

Dispersion equalization penalty 0 dB 

Safety margin 6.0 dB 


Total system loss 29.5 dB 


Excess power margin 0.5 dB 
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The preferred transmission rate for optical fiber trunk systems based on the 

I. 5 Mbit s"' digital hierarchy (Le. North America) is at present 45 Mbit r'. 
This is largely due to the fact that much higher growth rates are required for 
the high speed systems operating at 274Mbits'* and above. It is indicated 
[Ref. 8] that these high speed systems arc more appropriate to very long haul 
trunk routes (up to 64(K) km) where repeater spacings in excess of 25 km are 
required. Hence the incorporation of systems with transmission rales in excess 
of 45 Mbit s"* into the trunk network awaits the advent of commercial long 
wavelength single mode fiber systems capable of operating at 274 Mbit s"' 
over long repeater spans. However* this position is unlikely to remain static for 
very long as Bell Laboratories have already demonstrated 100km 
unrepeatered transmission at this rate [Ref. 6]. Furthermore an experimental 
single mode trunk system operating at a wavelength of 1.3 pm and a transmis¬ 
sion rate of 400Mbits”* has been in operation in Japan since 1981 |Ref. 91. 
This system which utilizes an A PD receiver allows repeater spacings of up to 
20 km. 

II. 2.2 Junction Network 

The junction or interoffice network usually consists of routes within major 
conurbations over distances of typically 5-20 km. However, the distribution of 
distances between switching centers (telephone exchanges) or offices in the 
junction network of targe urban areas varies considerably for various countries 
as indicated in Fig. 11.2 I Ref. 10). It may be observed from Fig. 11.2 that the 
benefits of long unrepeatered transmission distances in the junction network 


Cujnulatlvv 



Rg.11.2 Distribution of distances between switching centers in metropolitan areas. 

Reproduced with permission of the International Telecommunication Union 
(ITU)r Geneva. Switzerland,from O. Cottaielucci, F. Lombardi and G. Pellegrini, 
The application of optical fibres In the junction network'. fW Tefecommun/co’ 
Oon Journal. 49-11/1982. p. 101. 
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offered by optical fiber systems are not as apparent in the junction network 
due to the generally shorter link lengths. Nevertheless optical fiber junction 
systems are often able to operate using no intermediate repeaters whilst 
alleviating duct congestion in urban areas. 

In Europe optical fiber systems with transmission rates of 8 Mbit s"' and for 
busy routes 34 Mbit are finding favor in the Junction network. A number of 
proprietary systems predominantly operating at 8 Mbit using both injection 
laser and LED sources via multimode graded index fiber to APD detectors are 
in operation in the UK with repeater spacings between 7.5 and 12 km. A 
typical optical power budget for such a system operating at a wavelength of 
0.88 tim over 12 km is shown in Table 1L3 [Ref. 5|. It may be noted that the 
mean power launched from the laser is reduced below the level obtained with 
similar dimensioned multimode graded index fiber in the optical power budget 
shown in Table 11.1. This is due to the lower duty factor when using a 2535 
code on the 8 Mbit s“‘ system in comparison with a 7585 code used on the 
140Mbits'^ system (see Section 10.5). 

In North America, 6 Mbit s'* systems offer flexibility whereas 45 Mbit 
systems prove suitable for junction traffic requirements of crowded areas. 
However, economic studies for the USA have indicated that 45 Mbit s"^ 
systems are the most economic choice for (he initial service [Ref 10]. Hence a 
significant number of commercial 45 Mbits'* junction systems have been 
installed. These operate in the shorter wavelength region utilizing injection 
laser sources, mukimode graded index fiber and APD detectors with repeater 
spacings up to 7.5 km. [n addition several experimental 32 Mbits'^ junction 
systems have been in operation in Japan since 1980. These systems, which 
utilize both injection laser and LED sources to APD detectors, have repeater 
spacings up to 21 km. 

Tabis 11.3 Typical optics! powsr budQet for a junction syatam operating st a 

wavelength of 0.88 iim and a transmission rate of 8 Mbit s~^ over an 


unrepeatered distance of 12 kon 

Mean power launched from the laser transmitter “6.0 bBm 

Receiver sensitivity at 8 Mbit and a wavelength of 0.88 pm 

(BER 10-®) “63.0 dBm 

Total system margin 57.0 dB 

Cabled fiber loss (12 x 3.BdB km~^) 42.0 dB 

Splice losses {l3x0.3dB) 3.9 dB 

Connector losses (2x1 dB) 2.0 dB 

Dlspersion^equallzdtion penahy OdB 

Safety margin 7.0 dB 

Total system loss 54.9 dB 

Excaaa power margin 2.1 dB 
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11.2.3 Local and Rural Natworka 

The local and rural network or subscriber loop connects telephorie subscribers 
to the local switching center or office. Possible network, configurations are 
shown in Fig. 11.3 and include a ring, tree and star topology from the local 
switching center. In a ring network (Fi$. lL3(a)) any information fed into the 
network by a subscriber passes through all the network nodes and hence a 
number of transmission channels must be provided between all nodes. This 
may be supplied by a time division muldplex system utilizing a broadband 
transmission medium. In this case only information addressed to a particular 
subscriber is taken from the networic at that subscriber node. The tree network, 
which consists of several branches as indicated in Fig. 11.3(b), must also 
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provide a number of transmission channels on its common links. However, in 
comparison with the ring network it has the advantage of greater flexibility in 
relation to topological enlargement. Nevertheless in common with the ring 
network, the number of subscribers is limited by the transmission capacity of 
the links used. 

In contrast, the star network (Fig. 11.3(c)) provides a separate link for every 
subscriber to the local switching center. Hence the amount of cable required is 
considerably increased over the ring or tree network, but is offset by enhanced 
reliability and availability for the subscribers. In addition simple subscriber 
equipment is adequate (i.e. no TDM) and network expansion is straight¬ 
forward. Thus virtually all local and rural telephone networks utilize a star 
configuration based on copper conductors (twisted pair) for full duplex 
(bothway) speech transmission. There is substantial interest in the possibility 
of replacing the existing narrowband local and rural network twisted pairs with 
optical fibers, These can also be utilized in the star configuration to provide 
wideband services (videophone, television, stereo hi-fi, facsimile, data, etc.) to 
the subscriber together with the narrowband speech channel. Alternatively the 
enhanced bandwidth offered by optical fibers will dlow the use of ring or tree 
configurations in local and rural networks. This would reduce the quantity of 
fiber cable required for subscriber loops. However, investigations indicate 
I Ref. 14} that the cable only accounts for a small fraction of the total network 
cost. Furthermore, it is predicted that the cost of optical fiber cable may be 
reduced towards the cost of copper twisted pairs with the large production 
volume required for local and rural networks. 

Small scale field trials of the use of optical fibetsS in local and rural networks 
are being carried out in several couniries including France (the Biarritz project 
[Ref. 16]), Japan (the Yokosuta field trial (Ref. 14]), Canada (the Elie rural 
field trial [Ref. 171) and Germany (BIGFON—wideband integrated fiber optic 
local telecommunications network; a total of ten projects in seven towns 
[Ref. 14l). These field trials utilize star configurations providing a full range 
of wideband services to each subscriber through the use of both analog and 
digital signals on optical fibers. 

In the UK a small Fibrevision (Cable TV) network has been installed in 
Milton Keynes using a switched star configuration [Refs. 20 and 21], This has 
led to planning for the implementation of a full scale local network based on 
the same principles which will eventually incorporate more advanced entertain¬ 
ment and information services as well as an interactive capability. The 
topology for this multistar network is illustrated in Fig. 11.4 I Ref. 221. It con¬ 
sists of three types of transmission link, namely super-prim ary links, primary 
links and secondary links. The two former link types will require high capacity 
and significant transmission distances (up to 20 and 5 km respectively) in 
order to distribute the wideband services, and hence optical fibers provide an 
ideal solution. The primary links service wideband switch points (WSPs) from 
hub sites giving access to all program material and services. In the larger 
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Fig. 11.4 Multistsr widebarKJ local network configuralion (Ref. 22). 


schemes these hub sites will in turn be fed from a super head end where most 
of the program material and services will originate. Short secondary links (up 
to 1 km) will fan out from the WSPs to the subscriber premises^ The use of 
wideband switching reduces the capacity required on these secondary links. 
Economic considefations> especially when the cost of the optoelectronic 
interface equipment is included, suggest that at present coaxial cable provides 
the best solution, on cost grounds, for these secondary links. However, it is 
indicated [Ref 22| that a large scale integration approach for the optical 
equipment, to give a tow unit cost, may allow optical fibers to be utilized for 
these secondary links in the future. 

11.2.4 Submerged Systema 

Undersea cable systems arc an integral part of the international telecom¬ 
munications network. They find application on shorter routes especially in 
Europe. On longer routes, such as across the Atlantic, they provide route 
diversity in conjunction with satdlite links. The number of submerged cable 
routes and their capacities are steadily increasing and hence there is a desire to 
minimize the costs per channel. In this context digital optical fiber communica¬ 
tion systems appear to offer substantial advantages over current analog FDM 
and digital PCM coaxial cable systems. High capacity coaxial cable systems 
require high quality, large diameter cable to overcome attenuation, and still 
only allow repeater spacings of around 5 km. By comparison, it is predicted 
[Ref. 23] that single mode optical fiber systems operating at 1.3 or 1.55 pm 
will provide repeater spacings of 25-50 km and eventually even longer. 

Research and development of single mode fiber submerged cable systems is 
progressing in a number of countries including the UK, France, the USA and 
JapUi A successful field trial of a 140 Mbit system was carried out by 
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STC Submarine Systems in Loch Fyne, Scotland in 1980 using a 9.5 km cable 
length, including a single PCM repeater (Ref. 241. In the same year a 10 km 
field trial cable was installed by NTT along the Izu coast in Japan I Ref. 231. 
Component reliability together with deep sea cable structure and strength are 
considered the major problems. However* it is envisaged I Ref. 231 that com¬ 
mercial systems for nonrepeatered short-haul routes, and repeatered medium- 
haul routes will be installed by the mid-1980s with repeatered long-haul 
systems appearing in the late 1980s. 


11.3 MILITARY APPLICATIONS 

In these applications, although economics are important, there are usually 
other, possibly overriding* considerations such as size, weight, deployability, 
survivability (in both conventional and nuclear attack fRef. 261) and security. 
The special attributes of optical fiber communication systems therefore often 
lend themselves to military use. 

11.3.1 MobitM 

One of the most promising areas of military application for optical fiber com¬ 
munications is within military mobiles such as aircraft, ships and tanks. The 
small size and weight of optical fibers provide an attractive solution to space 
problems in these mobiles which are increasingly equipped with sophisticated 
electronics. Also the wideband nature of optical fiber transmission will allow 
the multiplexing of a number of signals onto a common bus. Furthermore* the 
immunity of optical transmission to electromagnetic interference (EMI) in the 
often noisy environment of military mobiles is a tremendous advantage. This 
also applies to the immunity of optical fibers to lightning and electromagnetic 
pulse (EMP) within avicmics. The electrical i8<^ation, and therefore safety, 
aspect of optical fiber communications also proves invaluable in these applica¬ 
tions* allowing routing through both fuel tanks and magazines. 

The above advantages were demonstrated with preliminary investigations 
involving fiber bundles (Ref. 3] and design approaches now include multi¬ 
terminal data systems [Ref. 27] using single fibers, and use of an optical data 
bus IRef. 28]. In the former case, the time division multiplex system allows 
ring or star configurations to be realized, or mixtures of both to create bus 
networks. The multiple access data highway allows an optical signal injected 
at any access point to appear at all other other access points. An example is 
shown in Fig. 11.5 [Ref. 5j which illustrates the interconnection of six ter- 
minals using two four-way star couplers. These devices give typically 10 dB 
attenuation between any pair of ports. 

An experimental optical data bus has been installed in the Mirage 4000 air¬ 
craft [Ref. 28 j. However, significant problems were encountered with optical 
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SUJ COU|ikc 


Fi 9 .11.5 Multiple access bus showing the interconnection of six terminals using two 
four-way ster couplers [Rel. 5|. 

connection, fiber fragility and low light levels from the LED source. 
Nevertheless it was concluded that these drawbacks could be reduced by the 
use of spliced connections, star couplers rather than T-couplers and smaller 
diameter fibers (100-150 ^im), which would make it possible to produce cables 
with smaller radii of curvature, and in which the liber would be freer. 

Studies are also underway into the feasibility of using a 1 Mbits'^ optical 
data bus for flight control, avionic weapons and internal data systems within a 
helicopter. It is intended that a demonstration system will be installed in an 
operational Lynx helicopter by 1987 {Ref. 291. Also an optical fiber data 
highway is to be installed in the Harrier GR5 aircrafi, for operational use. It 
will be incorporated between the communications, navigation and identifica¬ 
tion data converter located towards the rear of the sdrerafi and the amplifier 
control situated beneath the cockpit. The original system specification calls for 
large core diameter plastic fiber for operation around 2.4 Kbit s‘‘ [Ref. 29]. 

11.3.2 Communication Links 

The other major area for the application of optical Fiber communications in the 
military sphere includes both short and long distance communication links. 
Short distance optical fiber systems may be utilized to connect closely spaced 
items of electronic equipment in such areas as operations rooms and computer 
installations. A large number of these systems have already been installed in 
military installations in the UK. These operate distances from several 
centimeters to a few hundred meters at transmission rates between 50 bauds 
and 4.8 Kbit (Ref. 29j. In addition a small number of 7 MHz video links 
operating over distances of up to lOOm are in operation. There is also a 
requirement for long distance communication between military installations 
which could benefit from the use of optical fibers. In both these cases 
advantages may be gained in terms of bandwidth, security and immunity to 
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electrical interference and earth loop problems over conventional copper 
systems. 

Other long distance applications include torpedo and missile guidance, 
information links between military vessels and maritime, towed sensor arrays. 
In these areas the available bandwidth and long unrepeatered transmission 
distances of optical Rber systems provide a solution which is not generally 
available with conventional technology. A Fiber guided weapons system is 
illustrated in Fig. 11.6 whereby a low loss, high tensile strength fiber is used to 
relay a video signal back to a control station to facilitate targeting by an 
operator. 

Investigations have also been carried out with regard to the use of optical 
fibers in tactical communication systems. In order to control sophisticated 
weapons systems in conjunction with dispersed military units there is a 
requirement for tactical command and control communications (often termed 
C^). These communication systems must be rapidly deployable, highly mobile, 
reliable and have the ability to survive in military environments. Existing multi¬ 
channel communication cable links employing coaxial cable or wire pairs do 
not always meet these requirements [Ref. 30). They lend to be bulky, difficult 
to install (requiring long installation times), and are susceptible to damage. In 
contrast optical fiber cables offer special features which may overcome these 
operational deficiencies. These include small size, light weight, increased 
flexibility, enhanced bandwidth, low attenuation removing the need for inter¬ 
mediate repealers, and immunity to both EMI and EMP. Furthermore, optical 
fiber cables generally demonstrate greater ruggedness than conventional 
deployable cables, making them appear ideally suited for this application. 

Optical fiber cables have been installed and tested within the Ptarmigan 
tactical communication system developed for the British Army IRef. 311, They 
may be utilized as a direct replacement for the HF quad cable system pre¬ 
viously employed for the intranodal multichannel cable links within the system 
IRef. 5], The optical fiber element of the vsystem comprises an LED source 
emitting at a wavelength of 0.9 pm, graded index fiber and an APD detector. It 
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is designed to operate over a range of up to 2 km at data rates of 256, 512 and 
2048 Kbit s”* without the use of intermediate repealers. The optical fiber cable 
assemblies are about half the weight of the HF quad cable, and are quick and 
easy to deploy in the field. Furthermore, special ruggedized expanded beam 
(see Section 4.12) optica! connectors have been shown to be eminently suitable 
for use in conditions involving dust, dirt, rough handling and extreme climates. 
Successful integration of an optical fiber system into a more complex tactical 
communication system for use in the military environment has demonstrated 
its substantial operational and technical advantages over HF metallic cable 
systems. 

In summary, it appears that confidence is being established in this new 
technology such that its widescale use in military applications in the future is 
ensured. 

11.4 CIVIL AND CONSUMER APPLICATIONS 
11.4.1 Civil 

The introduction of optical fiber communication systems into the public 
network has stimulated investigation and application of these transmission 
techniques by public utility organizations which provide their own com¬ 
munication facilities over moderately long distances. For example these 
transmission techniques may be utilized on the railways and along pipe and 
electrical power lines. In these applications, although high capacity transmis¬ 
sion is not usually required, optical fibers may provide a relatively low cost 
solution: also giving enhanced protection in harsh environments, especially in 
relation to EMI and EMP. Experimental optical fiber communication systems 
are under investigation with a number of organizations in Europe, North 
America and Japan. For instance, British Rail have successfully demonstrated 
a 2 Mbit s ‘ system suspended between the electrical power line gantries over a 
6 km route in Cheshire [Ref. 3]. Also the major electric power companies are 
showing a great deal of interest with regard to the incorporation of optical 
fibers within the metallic earth of overhead electric power lines [Ref. 341. 

It was indicated in Section 11.2.3 that optical fibers are eminently suitable 
for video transmission. Thus optical fiber systems are starting to find use in 
commercial television transmission. These applications include short distance 
links between studio and outside broadcast vans, links between studios and 
broadcast or receiving aerials, and close circuit television (CCTV) links for 
security and traffic surveillance. In addition, the implementation of larger 
networks for cable and common antenna television (CATV) has demonstrated 
the successful use of optical fiber communications in this area where it 
provides significant advantages, in terms of bandwidth and unrepeaiered 
transmission distance, over conventional video links. 
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One of the first commercial optical fiber video systems was installed in 
Hastings, UK, in 1976 by RedifTusion Limited for the transmission of televi¬ 
sion signals over a 1.4 km link for distribution to 34.000 customers. Another 
early optical fiber CATV field trial was the Hi-OVlS project carried out in 
Japan [Ref. 36]. The project involved the installation of an interactive video 
system, plus FM audio and digital data to 160 home subscribers and 8 local 
studio terminals in various public premises. The system operated over a 6 km 
distribution cable consisting of 36 fibers plus additional branches to the 
various destination points: no repeaters were used in this entire network, 

Various techniques have been utilized for video transmission including 
baseband intensity modulation, subcarrier intensity modulation (e.g. FM-IM), 
pulse analog techniques (e.g. PFM-tM) and digital pulse code modulation 
(PCM-IM). Generally digital transmission is preferred on larger CATV 
networks as it allows time division multiplexing as well as greater unrepeatered 
transmission distance IRcf. 381. It also avoids problems associated with the 
nonlinearities of optical sources. An example of commercial digital video 
transmission is a 7,8 km optical fiber trunk system operating at 322 Mbit s"* in 
London, Ontario, Canada (Ref. 39). This system carries 12 video channels 
and 12 FM stereo channels along 8 fibers installed in a 13 mm cable. A similar 
digital trunk system has been installed in a CATV network in Denmark 
[Ref. 401. This link, using 12 fibers again operating over a distance of 7.8 km, 
has a capacity of 8 video channels and 12 FM vStcreo channels. 

However, digital transmission of video signals is not always economic, 
owing to the cost and complexity of the terminal equipment. Hence, optical 
fiber systems using direct intensity modulation often provide an adequate 
performance for a relatively small system cost. For example, a block 
schematic of a long distance analog baseband video link for monitoring 
railway line appearances such as road crossings, tunnels and snowfall areas is 
shown in Fig. 11.7 [Ref. 41). Video signals from TV cameras installed at 
monitoring points C, are gathered to the concentrating equipment through 
local transmission lines. These signals are then multiplexed in time, frequency 
or wavelength on to the main transmission line to the monitoring center. An 
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Block schematic of an optical fiber baseband video system for railway line 
monitoring |Ref. 41], 
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experimental optical fiber system operating at a wavelength of 1.32 pm using 
multimode graded index fiber and baseband intensity modulation was installed 
along a main line of the Japanese national railway [Ref. 41]. Successful video 
transmission over 16.5 km without intermediate repeaters was achieved, 
demonstrating the use of fiber systems for this application. 

A similar CCTV monitoring system has been implemented for the Kobe 
Mass Transit System, also in Japan |Ref, 42). This system, which operates 
over shorter distances of between 300 m and 5 km, also uses analog intensity 
modulation together with wavelength division multiplexing of four TV chan¬ 
nels at wavelengths of 730, 780, 837 and 879 nm onto multimode step index 
fiber. 

In common with the military applications, other potential civil uses for 
optical fiber systems include short distance communications within buildings 
(e.g. broadcast and recording studios) and within mobiles such as aircraft and 
ships, However, perhaps the largest market for optical fiber systems may 
eventually be within consumer applications. 

1 ^ .4.2 Conaumar 

A major consumer application for optical liber systems is within automotive 
electronics. Work is progressing within the automobile industry towards this 
end together with the use of microcomputers for engine and transmission 
control as well as control of convenience features such as power windows and 
seat controls. Optical fiber communication links in this area provide 
advantages of reduced size and weight together with the elimination of EMI. 
Furthermore, it is likely they will reduce costs by allowing for an increased 
number of control signals in the confined space presented by the steering 
column and internal transmission paths within the vehicle through multiplexing 
of signals onto a common optical highway. 

Such techniques have been under investigation by General Motors for a 
number of years and a prototype system was reported [Ref. 441 to have 
demonstrated the feasibility in 1980. This system utilized a bundle of 48 high 
loss plastic fibers with a simple LED emitting in the visible spectrum. Further 
developments in the USA and elsewhere suggest that large core diameter 
(1 mm) single plastic fibers wUl be utilized in automobile multiplex systems 
within the passenger compartment, whereas glass fibers will be required to 
stand the high temperatures (J20 ®C) encountered in the engine compartment. 

Other consumer applications are likely to include home 'appliances where 
together with microprocessor technology, optical fibers may be able to make 
an impact by the late 1980s. However, as with all consumer equipment, 
progress is very dependent on the instigation of volume production and hence 
low cost. This is a factor which is likely to delay wider application of optical 
fiber systems in this area. 
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11.5 INDUSTRIAL APPLICATIONS 

Industrial uses for optical fiber communications cover a variety of generally 
on-premisc applications within a single operational site. Hence the majority of 
industrial applications lend to fall within the following design criteria I Ref. 47]: 

(a) digital transmission at rales from d.c. to 20 Mbit s ', synchronous or 
asynchronous, having compatibility with a common logic family (i.e. TTL 
or CMOS), being independent of the data format and with bit error rates 
less than 10"’; 

(b) analog transmission from d.c. to 10 MHz, exhibiting good linearity and low 
noise; 

(c) transmission distances from several meters up to a maximum of kilo¬ 
meters, although generally 1 km will prove .sufficient; 

(d) a range of environments from benign to harsh, and often exhibiting severe 
electromagnetic interference from industrial machinery. 

Optical fiber systems with performances to meet the above criteria are 
readily available at a reasonable cost. These systems offer reliable telemetry 
and control communications for industrial environments where EMI and EMP 
cause problems for metallic cable links. Furthermore, optical fiber systems 
provide a far safer solution than conventional electrical monitoring in situa¬ 
tions where explosive or corrosive gases arc abundant (e.g. chemical process¬ 
ing and petroleum refining plants). Hence the increasing automation of process 
control, which is making safe, reliable communication in problematical 
environments essential, is providing an excellent area for the application of 
optical fiber communication systems. 

For example, optical fiber systems have been successfully employed in 
nuclear testing applications in the USA by the Department of Energy. Two 
plasma diagnostic experiments developed by the Los Alamos Scientific 
Laboratory [Ref. 48f were carried out at the Nevada Test Site in Mercury, 
Nevada. These experiments utilized the unique properties of optical fibers to 
provide diagnostic capabilities which are not possible with coaxial cable 
systems. In the first experiment a wideband fiber system (I GHz bandwidth) 
was used to record the wideband data from gamma ray sources. The second 
experiment, a neutron imaging system, provided a time and space resolution 
for a neutron source on a nanosecond time scale. The neutron source was 
attenuated and imaged through a pinhole onto an array of scintillator fila¬ 
ments, each of which was aligned to a single PCS fiber for transmission via a 
graded index fiber to a photomultiplier. A pulsed dye laser was used for system 
calibration. Both amplitude and overall timing calibration were achieved with 
an optical time domain reflectometer (see Section 5.7) being used regularly to 
record the fiber attenuation. It was estimated [Ref. 48] that this system 
provided a bandwidth advantage of at least a factor of 10 over coaxial cable, 
at approximately half the cost, and around one-fiftieth of the weight. 
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11.5.1 Sensor Systems 

It has been indicated that optical fiber transmission may be advantageously 
employed for monitoring and telemetry in industrial environments. The 
application of optical fiber communications to such sensor systems has 
stimulated much interest, especially for use in electrically hazardous environ¬ 
ments where conventional monitoring is difTicult and expensive. There is a 
requirement for the accurate measurement of parameters such as liquid level, 
flow rate, position, temperature and pressure in these environments which may 
be facilitated by optical fiber systems. Early work in this area featured 
electrical or electro-optical transducers along with optical fiber telemetry 
systems. A novel approach of this type involved a piezoelectric transducer 
which was used to apply local deformations to a single fiber highway causing 
phase modulation of the transmitted signal (Ref. 50|. The unmodulated signal 
from the same optical source was transmitted via a parallel reference fiber to 
enable demodulation of the signals from various piezoelectric transducers 
located on the highway. This technique proved particularly useful when a 
number of monitoring signals were required at a central control point. 

Electro-optical transducers together with optical fiber telemetry systems 
offer significant benefits over purely electrical systems in terms of immunity to 
EMI and EMP as well as intrinsic safely in the transmission to and from the 
transducer. However, they still utilize electrical power at the site of the 
transducer which is also often in an electrically problematical environment 
Therefore much effort is currently being expended in the investigation and 
development of entirety optical sensor systems. These employ passive optical 
transducer mechanisms which directly modulate the light for the optical fiber 
telemetry link. A number of simple optical techniques which enable direct 
measurement are illustrated in Fig. 11.8. For instance, a fluid level may be 
detected by the sensor shown in Fig. 11.8(a). When the fluid, which has a 
refractive index greater than the glass forming the optical dipstick, reaches the 
chamfered end, total internal reflection ceases and the light is transmitted into 
the fluid. Hence an indication of the fluid level is obtained at the optical 
receiver. Although this system is somewhat crude and will not give a con¬ 
tinuous measurement of fluid level, it is simple and safe for use with flammable 
liquids. 

Optical sensor mechanisms which provide measurement of displacement are 
shown in Figs. 11.8(b) and (c). The former is a reflective (often called fotonic) 
sensor whereby light is transmitted via a fibers) to illuminate a target. Light 
reflected from the target is received by a return fib€r(s) and is a function of the 
distance between the fiber ends and the target d. Hence the position of the 
target or displacement may be registered at an optical receiver. Figure 11.8(c) 
illustrates the measurement of displacement using a moire fringe modulator. In 
this case the opaque lined gratir^ produce dark Moire fringes. Transverse 
movement of one grating with respect to the <Hher causes the fringes to move 
up or down. Therefore a count of the fringes as the gratings are displaced 
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provides a measurement of the displacement. Unlike the previous techniques 
the Moire fringe modulator gives a digital measurement (fringe counting) of 
displacement which is independent of any drift in the characteristics of the 
optical source. However, mechanical vibrations may severely affect the 
measurement accuracy and prove (tifficult to eradicate. Also there are 
problems involved with the loss of count if, for any reason, optical power to 
the sensor is interrupted. 

The sensors shown in Figs. 11.8(d) and(e) primarily give a measurement of 
strain or stress. However, this may easily be converted too from a displace¬ 
ment, temperature or pressure. Figure 11.8(d) illustrates a microbending 
sensor in which the fiber is bent sharply when a force is applied to metal teeth 
or an array of pins. Light transmitted down the fiber is lost into the cladding 
due to the microbending {see Section 4.6.2) providing a measurement of the 
applied force. Hence changes in the applied force (c.g. strain, displacement, 
temperature, pressure) cause a change in light intensity of the optical receiver 
which may be recorded. 

With the photoeiaslic sensor shown in Fig. 11.8(e) the light transmitted is a 
function of stress within the material. This phenomenon, known as bi¬ 
refringence, occurs with the application of mechanical stress to transparent 
isotropic materials (e.g. polyurethane) whereby they become optically 
anisotropic. An advantage of this technique is that the stress may be induced 
directly by pressure without the need for an intermediate mechanism (i.e. 
pressure to displacement). A drawback, however, is that the birefringence 
exhibited by photoelastic materials is very temperature-dependent making 
measurement of a single parameter difficult. 

Figure 11,9 shows a possible optical fiber llow meter. A multimode optical 
fiber is inserted across a pipe such that the liquid flows past the transversely 
stretched fiber. The turbulence resulting from the fiber’s presence causes it to 
oscillate at a frequency roughly proportional to the flow rate. This results in a 
corresponding oscillation in the mode power distribution within the fiber giving 
a similarly modulated intensity profile at the optical receiver. The technique 
has been used to measure flow rates from 0.3 to 3 m s ' [Ref. 56). However, it 
cannot measure flow rates below those at which turbulence occurs. 

The most sensitive passive optical sensors to dale employ an interferometric 
approach as illustrated in Fig. 11.10, These devices interfere coherent 
monochromatic light propagating in a strained or temperature varying fiber 
with light either directly from the laser source, or (as shown in Fig. 11.10) 
guided by a reference fiber isolated from the external influence. The effects of 


Fig. 11.8 Examples of simple optical fiber measurement techniques: (a) optical fluid 
level detector; (b) reflective or fotonic displacement sensor; (c) Moire fringe 
modulation serrsor; W) fiber transmission modulation sensor—microbending 
transducer; (e) photoelastic sensor. 
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strain, pressure or temperature change, ^ve rise to differential optical paths by 
changing the fiber length, core diameter or refractive index with respect to the 
reference fiber. This provides a phase difference between the light emitted from 
the two fibers giving interference patterns, as shown in Fig. 11.10. Very 
accurate measurements of pressure or temperature may be obtained from 
these patterns. For example, using fused silica in such a two-arm fiber 
interferometer, it can be shown that the temperature sensitivity is about 
107 rad ®C"' m’* [Ref. 571. Other applications for optical fiber interfero¬ 
metric sensors, which are attracting considerable attention, are the optical 
fiber gyroscope [Ref. 621 and hydrophone I Ref. 63]. The former device is 
based on the classical Sagnac ‘ring’ interferometer and provides a measure¬ 
ment of rotation, whereas the latter effectively measures acoustic pressure. 

As a final example, the polarization sensor shown in Fig. 11.11 may be 
utilized to measure current along a metallic conductor [Ref. 64]. This device 
consists of a single polarization-maintaining single mode fiber which passes up 
from earth to loop around the current-carrying conductor before passing back 
to earth, A He-Ne laser beam is linearly polarized and launched into the fiber 
which is then stripped of any cladding modes. The direction of polarization of 
the light in the fiber core is rotated by the longitudinal magnetic field around 
the loop, via the action of the Faraday magneto-optic effect I Ref. 65). A 
Wollaston prism is used to sense the resulting rotation and resolves the emerg¬ 
ing light into two orthogonal components. These components are separately 
detected with a photodiode prior to generation of a sum and difference signal 
of the two intensities (/| and li). The difference signal normalized to the sum 



Fig. 11.t1 Single mode optical fiber sensor for current measurement [Ref. 64]. 
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gives a parameter which is proportional to the polarization rotation p, follow¬ 
ing iRef. 64]: 


A-/, 




/i +£2 


( 11 . 1 ) 


where is a constant which is dependent on the properties of the fiber. Hence 
a current measurement (either Ac. or a.c.) may be obtained which is 
independent of the received light power. 

The methods outlined above provide a basis for measurement of the 
majority of physical parameters using passive optical techniques, and may 
usually be incorporated into remote optical fiber telemetry systems. At present 
sensors based on these techniques are generally not commercially available, 
being very much at the research and development or prototype stages. 
Although in most cases there are still significant problems to be overcome 
before practical sensors can be realized, it is likely that devices utilizing these 
or simUar techniques will be on the market in the near future. 


11.6 COMPUTER APPLICATIONS 

Modern computer systems consist of a large number of interconnections. 
These range from lengths of a few micrometers (when considering on chip very 
large scale integration (VLSI) connections) to perhaps thousands of kilometers 
for terrestrial links in computer networks. The transmission rates over these 
interconnections also cover a wide range from around 100 bit s‘^ for some 
teletype terminals to several hundred Mbit s‘* for the on-chip connections. 
Optical fibers are starting to find application in this connection hierarchy 
where secure, interference-free transmission is required. 

Although in its infancy, integrated optics has stimulated interest in connec¬ 
tions within equipment, between integrated circuits, and even within hybrid 
integrated circuits, using optical techniques* Much of this work is still at the 
research stage and therefore will be pursued further in Sections 11.7 and 11.8. 
Nevertheless it is likely that optical transmission techniques and optical fibers 
themselves will find application within data processing equipment. In addition, 
investigations have abeady taken j^ace into the use of optical fibers for mains 
isolators and digital data buses within both digital telephone exchanges and 
computers. Their small size, low loss, low radiation properties and freedom 
from ground loops provide obvious advantages in these applications. 

At present, however, a primary potential application for optical fiber com¬ 
munications occurs in interequipment connections. These provide noise 
immunity, security and removal of earth loop problems, together with 
increased bandwidth and reduced cable size in comparison with conventional 
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Fi^. 11.12 Block $cl>em9iic of a lypical mainframe computer system. 

coaxial cable computer system interconnections. The inierequipment connec¬ 
tion topology for a typical mainframe computer system (host computer) is 
illustrated in Fig. 11.12. The input/outpui (I/O) to the host computer is 
generally handled by a processor, often called a data channel or simply 
channel, which is attached to ihe main storage of the host computer. It services 
all the I/O requirements for the system allowing concurrent instruction 
processing by the central processing unit (CPU). Each data channel contains 
an interface to a number of I/O control units. These, in turn, control the I/O 
devices (e.g. teletypes, visual display units, magnetic disk access mechanisms, 
magnetic tape drives and printers). When metallic cables are used, the interface 
between the data channel and the control units comprises a large number 
(often at least 48) of parallel coaxial lines incorporated into cables. An attrac¬ 
tive use of optical fiber interconnection is to serialize this channel interface 
I Ref. 661 using a multiplex system. This significantly reduces cable and con¬ 
nector bulk and improves connection reliability. 

Optical fiber links of this type were demonstrated in 1978 by Sperry Univac 
[Ref. 67), and subsequently Fujitsu developed a product to perform the same 
function. However, neither of these systems offered enhanced channel perfor¬ 
mance as measured by the product of bit rate and link length. Developments 






BOB 


OPTICAL FIBER COMMUNICATIONS: PRINCIPLES AND PRACTICE 


are therefore continuing with r^ard to high performance channel links utiliz¬ 
ing new protocols for data exchange. A recently reported [Ref. 66] prototype 
optical fiber serial subsystem designed by IBM Research operates at 
200 Mbit s"‘ over distances of up to 1 km. This system utilizes a laser chip 
mounted on a silicon substrate with the fiber encapsulated in monolithic dual 
in line package, and a single chip, high sensitivity, silicon p-i—n receiver. 

The other interconnection requirement for the mainframe computer system 
is between the I/O control units and the I/O terminals. Again optical fiber 
systems can provide high speed, multiplexed, secure communication links to 
replace the multitude of coaxial cables normally required for these interconnec¬ 
tions. An example of such a fiber system utilizes a multiplexing system onto a 
single optical fiber cable for connecting an IBM 3274 controller to its terminals 
(Ref. 681, In this case up to 32 terminals and printers can be linked to the con¬ 
troller in either a point to point or multidrop* configuration employing a star 
coupler or beam flitters. This interconnection requirement is often extended 
due to the trend of connecting numbers of processors together in order to 
balance the system work load, increase system reliability and share storage 
and I/O devices. Hence optical fiber systems are under investigation for use in 
local area networks. 

11«6«1 Local Area Natworka 

A local area network (LAN) is generally defined as an interconnection 
topology entirely confined wiihin a geographical area of a few square 
kilometers. It is therefore usually confined to either a single building or a group 
of buildings contained within a site or establishment (industrial, military, 
educational, etc.). Hence, the data processing and peripheral equipment 
together with any communication links are usually under the control of the 
owning body rather than a common carrier.t As mentioned previously such a 
network may support terminals connected to a host computer, or provide com¬ 
munication between multiple processors and terminals or work stations. In the 
latter application the LAN may also provide an interface to the local telecom¬ 
munications network. Furthermore within a manufacturing facility it may 
provide interconnection of a host computer to remote process controllers 
allowing computer aided manufacture (CAM). 

In common with local and rural networks (see Section 11.2.3) LANs may 

• At present the multidrop bus configuration will not allow interconnection of as many as 32 
terminals due to the insertion losses obtained at Uie beam splitters or T-couplers, 
f Another possible definition of a LAN, based on speed and range of operation, is that a LAN 
typically operates at a transmission rate of between lOOkBits** and 100 Mbit s-‘ over 
distances of 500 m to 10 km. Hoicc a LAN is intermediate between a short range, mul¬ 
tiprocessor network (usually data bus) and a wide area network which provides relatively 
low speed data transmission (ap to 100 kbit s“*) over very long distances using conventional 
communications technology. However, it must be noted that there are always exceptions to 
these general definitions which will doubtleaa increase in number as the technology advances. 
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Fig. 11.13 Local area networks: (a) the Ethernet networic topology and packet format: 
(b) the Cambridge ring topology and packet format. 

be designed in three major configuratioDs: the star, ring and bus. Work has 
been in progress for a number of years on various network architectures and 
protocols, in the main utilizing metallic communication links. To date a 
standard configuration has not been universally adopted. However, two basic 
techniques for the implementation of local area computer networks have 
obtained partial acceptance. These two network topologies are illustrated in 
Fig. 11.13 and are known as the Ethernet and the Cambridge ring. The Ether¬ 
net network, developed by Xerox (Ref. 691, consists of a multidrop bus con¬ 
figuration whereby host computers or work stations are attached to a coaxial 
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cable which forms a transmission line operating at a rate of 3 Mbit s''. Data 
are transmitted in the form of packets consisting of up to 4000 data bits 
(Fig. 11.13(a)). Packets are addressed, and each work station connected to the 
line is capable of detecting and removing a packet addressed to it. In addition, 
the work stations can detect when the line is free and hence transmit a message 
addressed to another station. The .system is peer controlled and therefore it is 
possible for two work stations to transmit at the same time. In this case a colli¬ 
sion between packets occurs. This is detected by die work stations involved 
which cease transmission. When each work station is contending for transmis¬ 
sion time on the link in such a manner, the result is known as statistical 
multiplexing. 

The Cambridge ring network developed at the University of Cambridge. 
UK and illustrated in Fig. 11.13(b) also utilizes data packets. The ring consists 
of a monitor station as well as a number of work stations (or host computers) 
with associated repeaters which together form ring nodes. Twin twisted cable 
pairs are often used for the loop, and transmission takes place at a rate of 
10 Mbit s-‘. A set number of packets are contained by the ring of a size known 
to the monitor and work stations (usually minipackets as shown in Fig. 13(b)). 
When data is transmitted by a work station it is placed in a mini-packet format 
together with its own address and the address of its destination. The work sta¬ 
tions monitor the ring for packets containing their respective addresses from 
which they extract the data. When the data are removed from a packet, a 
response bit is set to indicate correct receipt of the data. The packet is then 
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returned to the source which checks it before sending it on empty. Throughout 
this process the monitor station is continually checking the ring structure by 
the use of test packets transmitted around the ring. 

Although LAN configurations and protocols are still largely under develop¬ 
ment, optical fibers have been successfully udlized to provide such computer 
interconnection. An early experiment using multimode step index fiber in a 
substantially modified Ethernet configuration called Fibernet was undertaken 
by Xerox iRef. 70]. Optical fibers, however, displayed drawbacks when used 
in the multidrop bus network. The.se resulted from the high insertion losses 
encountered at optical beam splitters (or T-couplers) which only allowed a 
small number of work stations to be connected (generally less than ten). Con¬ 
sequently a passive transmissive star network (Fig. 11.14) was adopted for 
Fibernet. A 19 port transmissive star coupler was utilized which gave an inser¬ 
tion loss of 10 dB between any 2 ports. Using the Ethernet packet switching 
and protocol, data were successfully transmitted at 150Mbits"' and 
100 Mbit 5 "' over distances of 0.5 and 1.1 km respectively, with zero errors. 

Perhaps the largest scale applications at present for optical fiber systems 
within local area networks are with regard to single channel and multiplexed 
star networks. These network configurations tend to match the communication 
system design of large mainframes and minicomputers. A typical network is 
shown in Fig. 11.15. The high bandwidth provided by optical fibers often 
allows both asynchronous and synchronous terminals to be driven at full rale 
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An example of an optical fiber local area network. 
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without the need for the statistical multiplexing required in the case of Fiber- 
net. Recent installations of this type include airport data communication 
networks, traffic monitoring and control schemes, and company on-site or 
local intersite networks. 

Optical fiber systems are also being utilized in the Cambridge ring con¬ 
figuration. They have fuelled the development of a higher performance ring 
operating at 40 Mbit s“' which promises to find significant application. 
Furthermore, improvements in optical fiber connector technology and in the 
optical output power provided by light sources may lead to the extensive use of 
bus networks in the future. 


11.7 INTEGRATED OPTICS 

The multitude of potential application areas for optical fiber communications 
coupled with the tremendous advances in the field have over the last few years 
stimulated a resurgence of interest in the area of integrated optics (10). The 
concept of 10 involves the realization of optica! and electro-optical elements 
which may be integrated in large numbers on to a single substrate. Hence, 10 
seeks to provide an alternative to the conversion of an optical signal back into 
the electrical regime prior to signal processing by allowing such processing to 
be performed on the optical signal. Thin transparent dielectric layers on planar 
substrates which act as optical waveguides are used in 10 to produce miniature 
optical components and circuits. 

The birth of 10 may be traced back to basic ideas outlined by Anderson in 
1965 [Ref. 74]. He suggested that a microfabrication technology could be 
developed for single mode optical devices with semiconductor and dielectric 
materials in a similar manner to that which had taken place with electronic 
circuits. It was in 1969, however, after Miller [Ref. 75] had introduced the 
term ‘integrated optics’ whilst discussing the long term outlook in the area, that 
research began to gain momentum. Although some of the wider implications of 
lO, including the monolithic integration of a complete optical system in a 
single technology with a single material, have as yet to be applied in optical 
fiber communications, the pace is steadily increasing. The technology has now 
progressed to a point where integrated optical devices and components are 
becoming available and starting to find application in optical fiber communica¬ 
tion systems. 

A major factor in the development of lO is that it is essentially based on 
single mode optical waveguides and is therefore incompatible with multimode 
fiber systems. Hence lO did not make a significant contribution to first and 
second generation optical fiber systems. The development, however, of third 
generation or single mode fiber systems has been aided* by integrated optical 


' Thii is especially the case in reittioa to the fabrication of single mode injection luars (see 
Section 6,6). 
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techniques. Furthermore, il is within single mode fiber systems where 10 will 
allow optical signal processing to replace electronic signal processing through 
the creation of a family of thin film optical and electro-optical components 
which may be located on a single substrate. The devices of interest in 10 are 
often the counterparts of microwave or bulk optical devices. These include 
junctions and directional couplers, switches and modulators, filters and 
wavelength multiplexers, lasers and amplifiers, detectors and bistable elements. 
It is envisaged that developments in this technology will provide the basis for 
the fourth generation systems mentioned in Section 11.1 where full monolithic 
integration may be achieved. 

11.7.1 Planar Wavaguidaa 

The use of circular dielectric waveguide structures for confining light is 
universally utilized within optical fiber communications. 10 involves an exten¬ 
sion of this guided wave optical technology through the use of planar optical 
waveguides to confine and guide the light in guided wave devices and circuits. 
The mechanism of optical confinement in symmetrical planar waveguides was 
discussed in Section 2.3 prior to investigation of circular structures. In fact the 
simplest dielectric waveguide structure is the planar slab guide shown in 
Fig. 11.16. It comprises a planar film of refractive index sandwiched 
between a substrate of refractive index and a cover layer of refractive index 
«3 where «, >rt 2 >n,,. Often the cover layer consists of air where 
= 1 , and it exhibits a substantially lower refractive index than the 
other two layers. In this case the film has layers of different refractive index 
above and below the guiding layer and hence performs as an asymmetric 

waveguide. 

In the discussions of optical waveguides given in Chapter 2 we were solely 
concerned with symmetrical structures. When the dimensions of the guide are 
reduced so are the number of propagating modes. Eventually the waveguide 
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dimensions are such that only a singk mode propagates, and if the dimensions 
are reduced further this single mode still continues to propagate. Hence there is 
no cutoff for the fundamental mode in a symmetric guide. This is not the case 
for an asymmetric guide where the dimensions may be reduced until the 
structure cannot support any modes and even die fundamental is cutoff. If the 
thickness or height of the guide layer of a planar asymmetric guide is h (see 
Fig. 11.16), then the guide can support a mode of order m with a wavelength X, 
when [Ref, 76]: 


2(nf - 


( 11 . 2 ) 


Equation (11.2) which assumes defines the limits of the single mode 

region for h between values when m = 0 and w = 1. Hence for a typical thin 
film glass guide with n, ssl.g and «2 = 1.5. single mode operation is 
maintained only when the guide has a ihickness in the range 0.45 )l ^ h ^ 
l.aSPt. 

An additional consideration of equal importance is the degree of confine¬ 
ment of the light to the guiding layer. The light is not exclusively confined to 
the guiding region and evanescent fields penetrate into the substrate and cover. 
An effective guide layer thickness hat may be expressed as: 


hat = h + Xi + xy (11.3) 

where Xj and X} are the evanescent field penetration depths for the substrate 
and cover regions respectively. Furthermore, we can define a normalized effec¬ 
tive thickness H for an asymmetric slab guide as: 


H = *Mni - «2)^ (11.4) 

where k is the free space propagation constant equal to 2n/\. The normalized 
frequency (sometimes called the normalized film thickness) for the planar slab 
guide following Eq. (2.68) is given by: 


V = kk(n] -4)i 


(11.5) 


An indication of the degree of confinement for the asymmetric slab 
waveguide may be observed by plotting the normalized effective thickness 
against the normalized frequency for the TE modes. A series of such plots is 
shown in Fig. 11.17 [Ref. 77l for various values of the parameter a which 
indicates the asymmetry of the guide, and is defined as: 


«i 


( 11 . 6 ) 


It may be observed in Fig. 11.19 that the confinement improves with 
decreasing film thickness only up to a point where V a 2.5. For example, tb 
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Opt. 13. p. 1857. 1974. 


minimum effective thickness for a highly asymmetric guide (a = co) occurs 
when * 4.4 ac ^‘= 2.55. Using Eq. (11.4) this gives a minimum effective 
thickness of: 

4.4 




= 0.7(rt? - «f)-» 


(11.7) 


Therefore considering a typical glass waveguide {«, =1.6 and ^2 » 1.5), we 
obtain a minimum efTective thickness of: 


= 1 . 26 X 


( 11 . 8 ) 


Assuming a minimum operating wavelength to be 0.8 limits the effective 
thickness of the guide, and hence the conflnement to around I fxm. Therefore it 
appears there is a limit to possible microrabrication with 10 which is not 
present in other technologies* IRef. 79), At present there is stiD ample scope 
but confinement must be considered along with packing density and the 
avoidance of crosstalk. 


* The 1 pm barrier to confinement apfdies with all suitable waveguide materials. However, 
metal clad waveguides are not so limited but are plagued by high losses [Ref. 781. 
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The planar waveguides for lO may be fabricated from glasses and other 
isotropic materials such as silicon dioxide and polymers. Although these 
materials are used to produce the simplest integrated optical components, their 
properties cannot be controlled by external energy sources and hence they are 
of limited interest. In order to provide external control of the entrapped light to 
cause deflection, focusing, switching and modulation, active devices employing 
alternative materials must be utilized. A requirement for these materials is that 
they have the correct crystal symmetry to allow the local refractive index to be 
varied by the application of either electrical, magnetic or acoustic energy.* 

To date interest has centered on the exploitation of the electro-optic effect 
due to the ease of controlling electric fields through the use of electrodes 
together with the generally superior performance of electro-optic devices. 
Acousto-optic devices have, however, found a lesser role, primarily in the area 
of beam deflection. Magneto-optic devices I Ref. 80] utilizing the Faraday 
effect are not widely used, as in general, electric fields are easier to generate 
than magnetic fields. 

A variety of electro-optic and acousto-optic materials have been employed 
in the fabrication of individual devices. Two basic groups can be distinguished 
by their refractive indices. These are materials with a refractive index near 2 
(LiNb 03 , LiTaOj, Nb 05 , ZnS and ZnO) and materials with a refractive index 
greater than 3 (GaAs, InP and compounds of Ga and In with elements of Al, 
A$ and Sb). 

Planar waveguide structures are produced using several different techniques 
which have in large part been derived from the microelectronics industry. For 
example, passive devices may be fabricated by radiofrequency sputtering to 
deposit thin films of glass onto glass substrates. Alternatively active devices 
are often produced by titanium (Ti) diffusion into lithium niobate (LiNbOj) or 
by ion implantation into gallium arsenide (Ref. 81]. 

The planar slab waveguide shown In Fig. I t.l6 confines light in only one 
direction, allowing it to spread across the guiding layer. In many instances it is 
useful to confine the light in two dimensions to a particular path on the surface 
of the substrate. This is achieved by defining the high index guiding region as a 
thin strip (strip guide) where total internal reflection will prevent the spread of 
the light beam across the substrate. In addition the strips can be curved or 
branched as required. Examples of such strip waveguide structures are shown 
in Fig. 11.18. They may be formed as either a ridge on the surface of the sub¬ 
strate or by diffusion to provide a region of higher refractive index below the 
substrate, or as a rib of increased thickness within a thin planar slab. Tech¬ 
niques employed to obtain the strip pattern include electron and laser beam 
lithography as well as photolithc^aphy. The rectangular waveguide configura¬ 
tions illustrated in Fig. 11.18 prove very suitable for use with electro-optic 


* Using (he electro-optic, magneto-optic or acousto-optic effects (Ref. 651. 
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(a) Cb) <c) 


Fig. 11.18 Crass section of some strip waveguide structures: (a) ridge guide; (b) diffused 
channel (embedded strip) guide: k) Hb guide. 


deflectors and modulators giving a reduction in the voltage required to achieve 
a particular field strength. In addition they allow a number of optical paths to 
be provided on a given substrate. 

Losses exhibited by both slab and strip waveguides are generally much 
greater than those obtained in optical fibers. Typical losses which are both 
wavelength and material dependent are in the range 0.5-5 dB cm' ^. Further¬ 
more, although the effects of interest in 10 are usually exhibited over short 
distances of the order of a wavelength, efficient devices require relatively long 
interaction lengths, the effects being cumulative. Thus typical device lengths 
range from 0,5 to 10 mm. 

11«8 INTEGRATED OPTICAL DEVICES 

In this section some examples of various types of integrated optical devices 
together with their salient features are considered. However, the numerous 
developments in this field exclude any attempt to provide other than general 
examples in the major areas of investigation which are pertinent to optical fiber 
communications. The requirement for multichannel communication within the 
various systems considered in Chapter 10 demands the combination of infor¬ 
mation from separate channels, transmission of the combined signals over a 
single optical fiber link, and separation of the individual channels at the 
receiver prior to routing to their individual destinations. Hence the application 
of 10 in this area is to provide optical methods for multiplexing, modulation 
and routing. These various functions may be performed with a combination of 
optical beam splitters, switches, modulators, filters, sources and detectors. 

11.8.1 Beam Splitters end Switohee 

Beam splitters are a basic dement of many optical fiber communication 
systems often providing a Y-junction by which signals from separate sources 
can be combined, or the received power divided between two or more chan¬ 
nels. A passive Y-junction beam splitter fabricated from LiNb 03 is shown in 
Fig. 11.19. Unfortunately the power transmission through such a splitter 
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Fig. 11.19 A passive Y-junction beam splitter. 


decreases sharply with increasing half angle the power being radiated into 
the substrate. Hence the total power transmission depends critically upon y 
which, for the example chosen, must not exceed 0.5^ if an acceptable insertion 
loss is to be achieved [Ref. 821. In order to provide effective separation of the 
output arms so that access to each is possible, the junction must be many 
times the width of the guide. For example, around 3000 wavelengths are 
required to give a separation of about 30 pm between the output arms. 
Therefore, for practical reasons, the device is relatively long. 

The passive Y-junction beam splitter finds application where equal power 
division of the incident beam is required. However, the Y-junction is of wider 
interest when it is fabricated from an electro-optic material, in which case it 
may be used as a switch. Such materials exhibit a change in refractive index 5 m 
which is directly proportional to an applied electric field* E following, 

bn = ±n]rE (11.9) 

where Mi is the original refractive index, and r is the electro-optic coefficient. 
Hence an active Y-junction may be fabricated from a single crystal electro¬ 
optic material as illustrated in Fig. 11.20. Lithium niobate is often utilized as it 
combines relatively low loss with large values of dcctro-optic coefFickntst (as 
high as 30.8 x 10“*^ m V"*). Metal electrodes are attached so that when bias¬ 
sing is applied, one side of the waveguide structure exhibits an increased refrac¬ 
tive index whilst the value of refractive index on the other side is reduced. The 
light beam is therefore deflected towards the region of higher refractive index 
causing it to follow the corresponding output arm. Furthermore, the field is 
maintained in the electrodes which extend beyond the junction ensuring con¬ 
tinuation of the process. With switching voLts^es around 30 V, these devices 
prove to be quite efficient allowing for larger junction angles to be tolerated 
than those of the passive Y-junction beam splitter. However, a physical length 
of several hundred wavelengths is still required for the switch. These devices 
therefore serve the function of optical signal routing. In addition, high speed 


* The linear variation of refractive index with the dectric field is known as Che Pock els effect 
I Ref. 65). 

tThe change in refractive index » rda^ by the applied field via the linear and quadratic 
electro-optic coefficients [Ref. 80). 




APPLICATIONS AND FUTURE DEVELOPMENTS 


519 



Rg. 11.20 An electron-optic Y-junctSon switch. 

switches can be used to provide time division multiplexing of several lower bit 
rate channels onto a single mode fiber link. 

Switches may also be fabricated by placing two parallel strip waveguides in 
close proximity to each other as illustrated in Fig. 11.21. The evanescent fields 
generated outside the guiding region allow transverse coupling between the 
guides. When the two waveguide modes have equal propagation constants p 
with amplitudes A and B (Fig. 11.21), then the coupled mode equations may 
be written as [Ref. 84}: 

dA 

— =-J^+JCB 

( 11 . 10 ) 

dB 

dr 

where C is the coupling coefficient per unit length. In this case, assuming no 
losses, all the energy from waveguide X will be transferred to waveguide Y 
over a coupling length Furthermore it can be shown [Ref. 85] that for this 
complete energy transfer is given by n/2C. If the w'aveguide modes have 
different propagation constants, however, only part of the energy from guide X 



Rg. 11.21 Electro-opllcally switched directional coujrier The COBRA configuration 
using two electrodes (Ref. 86l. 
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Pig. 11.22 The stepped reversal coupler switch. 


will be coupled into guide Y. and this energy will be subsequently recoupled 
back into X, 

It is also noted that when the propagation constants differ the coupling 
length / is reduced from the matched value and although less energy is 
transferred, the exchange occurs more rapidly. This property may be utilized 
to good effect in the formation of an optical switch. The mismatch in propaga¬ 
tion constants can be adjusted such that the coupling length / is reduced to 
/(j/2. In this case, energy coupled from one guide into the other over a distance 
/(^/2 will be recoupled into the original guide over a similar distance. Hence two 
distinct cases exist for a switch of length namely the matched case whereby 
all the energy is transferred from one guide to the other and the mismatched 
case when I ^ l^/l where over a distance 4 the energy is recoupled into the 
original guide. 

Optical switches of the above type use electrodes placed on the top of each 
matched waveguide (Fig. 11.21) so that the refractive indices of the guides are 
differentially altered to produce the differing propagation constants for the 
mismatched case. A widely used switch utilizing this technique is called the 
COBRA (Commuiateur Optique Binaire Rapide) (Ref. 861 and is normally 
formed from titanium diffused lithium niobate. Fabrication of the device, 
however, is critical in order to provide a coupling length which is exactly 4 or 
an odd multiple of 4 . An electrode structure which avoids this problem by 
dividing the electrodes into halves with opposite polarities on each half is 
shown in Fig. 11.22. With this device, which is called the stepped A|3 reversal 
coupler, it is always possible to obUun both the matched and mismatched cases 
described previously by applying suitable values of the reversed voltage. Hence 
the fabricated coupling length is no longer critical as the effective coupling 
length of the device may be adjusted electrically to achieve 4 • 
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11.8.2 Modulators 

The limitations imposed by direct current modulation of semiconductor injec¬ 
tion lasers currently restricts the maximum achievable modulation frequencies 
to a few gigahertz. Furthermore, with most injection lasers high speed current 
modulation also creates undesirable wavelength modulation which imposes 
problems for systems employing wavelength division multiplexing IRef. 871. 
Thus to extend the bandwidth capability of single mode fiber systems there is a 
requirement for high speed modulation which can be provided by integrated 
optical waveguide intensity modulators. Simple on/oif modulators may be 
based on the techniques utilized for the active beam splitters and switches 
described in Section 11.8.1. In addition a large variety of predominantly 
electro-optic modulators have been reported iRcf. 881 which exhibit good 
characteristics. For example, an important waveguide modulator is based 
upon a Y-branch interferometer which employs optical phase shifting 
produced by the electro^optic effect. 

The change in refractive index exhibited by an electro-optic material with 
the application of an electric field given by Eq. (11.9) also provides a phase 
change for light propagating in the material. This phase change is accumula¬ 
tive over a distance L within the material and is given by [Ref. 89]: 

( 11 . 11 ) 

When the electric field is applied transversely to the direction of optical 
propagation we may substitute for dn from Eq. (11.9) giving: 




( 11 . 12 ) 


Furthermore taking E equal to VL/d^ where V is the applied voltage and d is 
the distance between electrodes gives: 



(11.13) 


It may be noted from Eq. (11.13) that in order to reduce the applied voltage V 
required to provide a particular phase change, the ratio Lid must be made as 
large as possible. 

A simple phase modulator may therefore be realized on a strip waveguide in 
which the ratio L/d is large as shown in 1K23. These devices when, for 
example, fabricated by diffusion of Nb into liTaOj with an Lid ratio of 1000 
(i.e. 2 cm/20 pm) provide a phase change of n radians with an applied voltage 
around 1 V [Ref. 89]. However, as mentioned previously, this property can be 
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Fig. 11.23 A simple strip waveguide phase modulator 


employed in an interferometric intensity modulator. Such a Mach-'Zehnder 
type interferometer is shown in Fig. 11.24. The device comprises two Y- 
junctions which give an equal division of the input optical power. With no 
potential applied to the electrodes, the input optica] power is split into the two 
arms at the first Y-j unction and arrives at the second Y-junction in phase 
giving an intensity maximum at the waveguide output. This condition 
corresponds to the state. Alternatively when a potential is applied to the 
electrodes, which operate in a push-pull mode on the two arms of the 
interferometer, a diiTerenttal phase change is created between the signals in the 
two arms. The subsequent recombination of the signals gives rise to construe- 
five or destructive interference in the output waveguide. Hence the process has 
the effect of converting the phase modulation into intensity modulation. A 
phase shift of n between the two arms gives the 'off* state for the device. 



Fig. 11.24 A Y-Junction in(erferom6tric modulator baaed on the Mach-Zahnder 
Interferometer. 
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High speed inierferometric modulators have been demonstrated with 
titanium doped lithium nlobate waveguides. A 1.1 GHz modulation bandwidth 
has been reported I Ref. 90] for a 6 mm interferometer employing a 3.8 V 
on/ofT voltage across a 0.9 nm gap. S imil ar devices incorporating electrodes 
on one arm only may be utilized as switches and are generally referred to as 
balanced bridge interferometric switches iRef. 88). 

Useful modulators may also be obtained employing the acousto-optic efTect. 
These devices which deflect a light beam are based on the difTraction of light 
produced by an acoustic wave travelling through a transparent medium. The 
acoustic wave produces a periodic variation in density (i.e. mechanical strain) 
along its path which, in turn, gives rise to corresponding changes in refractive 
index within the medium due to the photoelastic effect. Therefore, a moving 
optical phase-diffraction grating is produced in the medium. Any light beam 
passing through the medium and crossing the path of the acoustic wave is 
diffracted by this phase grating from the zero order into higher order modes. 

Two regimes of operation are of interest: the Bragg regime and the 
Raman-Nath regime. The interaction, however, is of greatest magnitude in the 
Bragg regime where the zero order mode is partially deflected into only one 
higher order (i.e. first order) mode, rather than the multiplicity of higher order 
modes obtained in the Raman-Nath regime. Hence most acousto-optic 
modulators operate in the Bragg regime providing the highest modulation 
depth for a given acoustic power. 

The Bragg regime is obtained by effecting a suitably long interaction length 
for the device so that it performs as a 'thick' diffraction grating. An 10 
acousto-optic Bragg deflection modulator is shown in Fig. 11.25. It consists of 



Fig. 11.25 An acousto-optic waveguide modulator. The device gives deflection of a light 
beam due to Bragg diffraction by surface acoustic waves. 
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a piezoelectric substrate (e.g. lithium niobatc) onto the surface of which a thin 
film optical waveguide is formed by, for example, titanium indiffusion or 
lithium outdiffusion. An acoustic wave is launched parallel to the surface of the 
waveguide forming a surface acoustic wave (SAW) in which most of the wave 
energy is concentrated within a depth of one acoustic wavelength. The wave is 
generated from an interdigital electrode system comprising parallel electrodes 
deposited on the substrate. A light beam guided by the thin film waveguide 
interacts with the SAW giving beam deflection since both the light and the 
acoustic energy are confined to the same surface layer. The conditions for 
Bragg diffraction between the zero and first order mode are met when [Ref 
81J: 


X, 

smeB=*-— (11.14) 

2A 

where 0 r is the angle between the light beam and the acoustic beam 
wavefronts, Xj is the wavelength of light in the thin film waveguide and A is the 
acoustic wavelength. In this case the light is deflected by 20^ from its original 
path as illustrated in Fig. 11.25. 

The fraction of the light beam defiected depends upon the generation 
efficiency and the width of the SAW, the latter also defining the interaction 
length for the device. Although diffraction efficiencies are usually low (no more 
than 20%), the diffracted on/off ratio can be very high. Hence these devices 
provide effective switches as well as amplitude or frequency modulators. 

11.8.3 Periodic Structures for Filters and Injection Lasers 

Periodic structures may be incorporated into planar waveguides to form 
integrated optical filters and resonators. Light is scattered in such a guide in a 
similar manner to light scattered by a diffraction grating. A common example 
of a periodic waveguide structure is the corrugated slab waveguide shown in 
Fig, 11,26. When light propagating in the guide impinges on the corrugation, 
some of the energy will be diffracted out of the guide into either the cover or 
the substrate. The device, however, acts as a one-dimensional Bragg diffraction 
grating, and light which satisfies the Bragg condition is reflected back along 
the guide at 180® to the original direction of propagation (Fig. 11.26). The 
Bragg condition is given by I Ref. 80]: 

\=2n^D (11.15) 

where X is the optical wavelength in a vacuum, n, is the effective refractive 
index of the guide, and D is the corrugation period. When the reflected light is 
incident at an angle 6 (Fig. 11.26) then: 


rte = «] sin 20 


(11.16) 
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Fig. 11.26 A slab waveguide with surfece comjgalion giving reflection back along the 
guide when the Bragg condition Is met. Hence the structure performs as a 
one dimensionai Bragg diffraction grating. 


where /t I is the refractive index of the guide. Hence depending on the corruga- 
tion period of the structure all the incident power at a particular wavelength 
will be reflected. Such devices therefore behave as frequency selective rejection 
filters or mirrors. Narrow bandwidth filters with half power points separated 
by as little as I or 2k have been realized. These devices may find use in 
applications such as wavelength demultiplexing. Alternatively, wide bandwidth 
filters may be obtained by forming gratings which exhibit a gradual change in 
the corrugation period.* 

Integrated optical techniques are used in the fabrication of sources for 
optical fiber communications. They assisted in the development of the hetero- 
junction and stripe geometry devices described in Chapter 6, The source, 
however, which is directly compatible with the planar waveguide structure is 
the single mode injection laser. In common with multimode lasers, these 
devices are fabricated from the group III-V semiconductor compounds (see 
Section 6.6). Furthermore, two single mode laser structures incorporate the 
corrugated gratings discussed above. In this application corrugated gratings 
are utilized to form a resonator within the device. The gratings are located at 
the end of the normal active layer of the laser to replace the cleaved end 
mirrors used in the Fabry-Perot type optical resonator. In this configuration 
they form the distributed Bragg reflector (DBR) structure illustrated in 
Fig. 11.27. This device displays the advantage of separating the perturbed 
regions from the active region but proves to be somewhat lossy due to optical 
absorption in the unpumped distributed reflectors. In order to avoid this 
problem, a grating may be applied over the whole active length of the laser 
where it provides what is known as distributed feedback. This configuration 


* These gratings are said u> have a chirped structure [Ref. 91]. 
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Fig. 11.27 Schematic cross section of a GaAs/AIGaAs OBR laser employing Gragg 
reflectors rather than cleaved end mirrors to provide optical feedbacic. 


again dispenses with the use of cleaved mirrors. The distributed feedback 
(DFB) laser structure is shown in Fig. 6.30. 

Both the DBR and DFB structures exhibit good longitudinal mode 
discrimination giving low frequency sensitivity to variations in drive current 
and hence temperature. Furthermore, these grating resonator lasers are 
particularly adapted to the construction of integrated optical assemblies in 
which the device and other components are fabricated on a single semi¬ 
conductor chip. 

11,8.4 Bistable Optical Devices 

Bistable optical devices have been under investigation for a number of years to 
provide a series optical processing functions. These include optical logic and 
memory elements, power limiters and pulse shapers, and A-D converters. An 
optical device may be made bistable when the optical transmission within it is 
nonlinear and there is feedback of the c^tical output to control this transmis¬ 
sion. The transfer characteristic for a typical bistable optical device (BOD) is 
illustrated in Fig. 11.28 where hysteresis may be observed. Bistable optical 
devices may be separated into two basic classes: all optical devices which 
utilize a nonlinear optical medium,* and hybrid devices in which an artificial 
nonlinearity such as an electro-optic medium is combined with an electronic 
feedback loop. Initial developments [Refs. 94 and 951 of the former devices 


*The device which has attracted the greatest interest in this category is the nonlinear 
Pabry-Perot which consists of a medium with a nonlinear refractive index (e.g. sodium 
vapor, ruby crystal) inside a Fabry-Perot cavity. In this device, the value of the refractive 
index in the cavity, which ra a function of the output light intensity, dictates the optical 
transmission giving high optical output oa resonance and low optical output off resonance. 




APPLICATIONS AND FUTURE DEVELOPMEm'S 


527 


Optic&l ft 
output I 

power I 



Fig. 11,28 The transfer characleristk (optical output power against optical Input power) 
for a typical bistable optical device. 


required extremely high optical power densities and therefore have limited 
application within 10. 

Hybrid devices using electro-oplically induced nonlinearities have been 
fabricated in integrated optical form. The configuration of such a device is 
shown in Fig. 11.29 fRef. 96|. [t consists of a titanium diffused optical 
waveguide on a lithium niobate substrate with cleaved and silvered end faces 
which form a Fabry-Perot resonator. The light emitted from the cavity is 
detected by an avalanche photodiode. The electrical signal is then fed back to 
the electrodes deposited on either side of the cavity, thus the length of the 
cavity is controlled using the electro-optic efTect. In such an interferometric 
structure, the ratio of input optical power to output light intensity is an 



, ng. 11.29 A hybrid integrated bistable optical device [Ref. 96l. 
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Fig. 11.30 A hybrid bistable optical device using an electro-optically switched 
directional coupler [Ref. 97|. 


oscillatory function of the effective cavity length. The device therefore exhibits 
hysteresis (Fig. 11.28) and bistability. 

A hybrid BOD can also be achieved using an electro-optically switched 
directional coupler as illustrated in Rg. 11.30 IRef. 97]. The device shown i$ 
fabricated from lithium niobate with a titanium indiffusion. Multisection 
electrodes deposited on the waveguides are connected so that there is a 
reversal of the electric field at each section in order to obtain low crosstalk 
switching. One of the output ports is connected to an optical detector which 
controls the drive voltage to the electrodes. Hence bistability is obtained 
without using a Fabry-Perot resonator. Furthermore remote optical switching 
of channels may be performed with this four-port device which could prove 
useful in optical fiber communication applications. 

Recent investigations (Ref. 99] of optical bistability in semiconductors, may 
eventually produce bistable optical devices which will supersede the hybrid 
devices. Optical bistability has been demonstrated in cooled* InSb and GaAs 
using the property of nonlinear refraction in the region just below the bandgap 
exhibited by these group IIl-V compounds. This property allows nonlinear 
Fabry-Perot action and hence bistability is achieved. Optical transistort 
action has also been observed in similar one-element Fabry-Perot devices 
fabricated from InSb. Thus in addition to bistability these semiconductor 
devices display difTerential gmn when two carbon monoxide laser beams are 
introduced inside the cavity. The phenomenon which creates a large change in 
one beam for a small change in the other (optical amplification) may be 
explained using the theory of degenerate four-wave mixing. This theory is 
beyond the scope of this text but is discussed for InSb in Ref. \00. 


* The effect was observed at CemperatuFes of 5 and 77 K in the investigations detailed in 
Ref. 99. 

t Called the transphasor by the authors of Ref. 99. 
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Unfortunately, the switching and amplifying effects in InSb and GaAs 
disappear at room temperature which severely limits the usefulness of these 
materials. Success at room temperature, however, has been reported by Bell 
Laboratories, USA, and Heriot Watt Umversity, UK, using a derivative of 
gallium arsenide and a different excitation effect in lithium niobate respectively 
[Ref. 1011. Work is therefore continuing towards the construction of funda¬ 
mental logic gates which will provide the basis for integration of a number of 
elements into a single structure. 
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Monolithic Integrated transmitter circuits: (a) GsA&'AlGsAs injection laser 
fabricated with a MESFET on a GaAs substrate; lb/ inGaAsP/lnP injection 
laser fabricated with a MISFET on a semnnsuiating InP substrate. 
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11.8.5 OptMlectronic Integration 

The integration of interconnected optical and electronic devices is an 
important area of investigation for applications within optical fiber systems. 
Monolithic optoelectronic integrated circuits incorporating both optical 
sources and detectors have been successfiilly realized over the last few years. 
Monolithic integration for optical sources is exclusively confined to the use of 
group III—V semiconductor compounds. These materials prove useful as they 
possess both optical and electronic properties which can be exploited to 
produce high performance devices. Circuits are often fabricated from 
GaAs/AlGaAs for operation in the shorter wavelength region between 0.8 and 
0.9 pm. Such a circuit is shown in Fig. 11.31(a) where an injection laser is 
fabricated on a GaAs substrate with a MESFET (metal-semiconductor FET, 
see Section 9.5) which is used to bias and modulate the laser. Alternatively Fig. 
11.31(b) demonstrates the integration of a longer wavelength (1.1—1.6 pm) 
injection laser fabricated from InGaAsP/InP together with a MISFET (metal 
integrated-semiconductor FET) where the conventional n type substrate is 
replaced by a semi-insulating InP substrate. 

Optical detectors for operation in the shorter wavelength region may be 
integrated on a silicon substrate. An early design of this type of photodetector 
is shown in Fig. 11.32 (Ref. 104]. Light is coupled into the device via a 
grating and guided into the silicon substrate at a point where the silicon dioxide 
layer terminates. It is in this area where a reversed biassed junction 
performs the optical detection. 

More complex optoelectronic integration is shown in Pig. 11.33 [Ref. 1051 
where two possible designs for monolithic integrated circuits which serve as 
receive terminals in a wavelength division multiplex system are illustrated. 

These wavelength demultiplexers utilize micrograting filters (either transmis¬ 
sion or reflection type) together with an array of Schottky barrier photodiodes 
fabricated on a silicon substrate. In each case the filters pick out individual 
transmission wavelengths directing them to the appropriate photodiode for 



Fig. 11.82 An intagratad optical photodfteclor fabricated on a illlcon aubiuata [M. 
104). 
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Fig. 11.33 Monolithic Integrated optical wavelength demultiplexers fabricated with 
micrograting filters and a Schottky barrier photodiode array on a silicon sub¬ 
strate: (a^ using transmissron gratings; (b) using reflection gratings [Ref. 1051. 

detection. It is likely that integrated optical circuits of this type will find 
application in WDM systems in the near future. 

Monolithic integration of both sources and detectors on the same substrate 
can be achieved using the group III-V semiconductor compounds. An 
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Fig. 11.34 Monolithic integration of an LED. p-i-n photodiode and an fET amplifier to 
provide an integrated transmi tt er. PiN-FET receiver or repeater iRef. 1061. 
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Fig. 11.35 Monolithic inlegfallon of a waveguide directional coupler and a detector to 
provide a hybrid bistable optical device iRef. 107]. 


integrated optoelectronic test chip fabricated from AlGaAs on a semi- 
insulating GaAs substrate is shown in Fig. 11.34 [Ref. 106]. This chip 
demonstrates the integration of an LED. photodiode, and FET together 
with resistive devices. It may be configured as a linearized source, a PIN-FET 
receiver, or a$ an integrated repeater. 

Improvements in the performance of hybrid bistable optical devices have 
also been achieved through monolithic integration. Figure 11.35 iRef. 107] 
shows an electro-optic directional coupler integrated on a OaAs substrate 
together with a proton implanted detector. This circuit, when utilized with an 
external amplifier, operates in a similar manner to the configuration shown in 
Fig. 11.29 but displays an enhanced switching speed of 1 ps and an optical 
switching energy less than 1 nJ. 

11.8.6 Summary 

Many of the functions provided by integrated optical devices and circuits for 
use in optical fiber communication systems cannot be fulfilled by other 
technologies without recourse to the electrical regime. Furthermore, hybrid 
integration of discrete optical circuit components fabricated on diverse sub¬ 
strates is already reasonably well established and capable of providing 
integrated optical devices for use with single mode fiber systems. It is. 
however, within monolithic integration using III—V semiconductor substrates, 
where sources and detectors together with all other types of both optical and 
electronic component may be combined, which holds most attraction for 
fourth generation optical fiber systems. The fabrication of integrated optical 
transmitters, receivers and repeaters onto a single chip which has already been 
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demonstrated wilt doubtless soon find ^plication within practical systems. 
Such integrated optical circuits may appear quite large in comparison to 
purely electronic integrated circuits due to limits on confinement and interac¬ 
tion length. Their speed of operation, however, displays no such limitation* 
and it is envisaged that monolithic integrated optical circuits will allow the 
enormous potential bandwidth of single mode optical fibers to be fully 
exploited. 

In more general terms, developments in the area of optical bistability and 
hence integrated optical logic devices coupled with advances in monolithic 
integration have already instigated research towards the optical computer in 
both the UK and the USA (Ref. 1011. It is predicted [Ref. 109] that a 
prototype system could be in operation before 1993. The main drive for this 
development stems from the enhanced switching speeds possible using 
integrated optical technology. A subsidiary advantage i$ the ease of interfacing 
such a device with single mode optical fiber systems. Furthermore, there is 
likely to be a requirement for such high speed computers at the heart of the 
digital switching centers of what may become a predominantly optical fiber 
public telecommunications network. 
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Appendices 


A. THE FIELD RELATIONS IN A POLAR GUIDE 


Let us consider an electromagnetic wave having an angular frequency o) propagating in 
the z direction with propagation vector (phase constant) p. Then as indicated in Section 
2.3.2 the electric and magnetic fields can be expressed ast 

E * Rc {B^x, y) exp j(uu - fiz)} (Al) 

H » Reil^x, y) cxp 7 (<D/ - ^z)\ (A2) 

For the planar guide the Cartesian components of Eq and He become; 


d£, 

*JpEy 

9y 

(A3) 

bx 

CA4) 

bE. bE^ 

— -= -^MoO«. 

bx by 

(AS) 

by 

(A6) 

bH, 

-JW:^ - —-jWr^Ey 

dx 

(A7) 

-=>)GrSo£, 

ax dy 

(A8) 


If we assume that the planar structure is an infinite Rim in the y-z plane, then for an 
infinite plane wave travelling in the r direction the partial derivative with respect to is 
zero (^/^y = 0). Employing this assumpdon we can simplify the above equations to 
demonstrate fundamental refationsh^ between the fields in such a structure. These 


are: 


J^y = (TE mode) 


(A9) 
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dE, 

J =-=y|if Mo O'M mode) (A 10) 


bEy 

—— ClK mode) 

dx 

J^y ^JaiBrto^x (TM mode) 

bH, 

-J^,--~=jo>^reoEy (TEmode) 
dx 


dH^ 

- —JiO^^Eg (TMrtiode) (A 14) 

dx 

It may be noted that the Helds separate into TE and TM modes corresponding to 
coupling between //,, (£? *0) and Hy, Ej^, Eg (Hg = 0) respectively. 


(All) 
(A 12) 
(A13) 


B. VARIANCE OP A RANDOM VARIABLE 

The statistical mean (or average) value of a discrete random variable X is the numerical 
average of the values which X can assume weighted by their probabilities of 
occurrence. For example, if we consider the possible numerical values of ^ to be X|, 
X 2 ,... X;, with probabilities of occurrence P{x\ X Pix ^),., P{xi\ then as the number of 
measurements N o{ X goes to infinity, it would be expected that the outcome X—X\ 
would occur NP[Xi ) times, the outcome A* = xj would occur NPixi) times and so on, 
In this case the arithmetic sum of all N measurements is: 

P(.Xi )N + XiPi.XiyN + ... x,P0ct)ff = Xf?(x,) (B1) 


The mean or average value of all these measurements which is equivalent to the 
mean value of the random variable may be c^culated by dividing the sum in £q. (Bl) 
by the number of measurementFurthermore, the mean value for the random vari¬ 
able X which can be denoted as X (or m) is also called the expected value of X and may 
be represented by £(A). Hence: 

:V 

X=m = E(X)='L x,P(x,) (B2) 

Moreover Eq. (B2) also defines the first moment of X which we denote as M\. In a 
similar manner the second moment A /2 is equal to the expected value of X^ such that: 

,v 

M 2 = L ^P(pc,) (B3) 

i= I 

M 2 is also called the mean square value of X which may be denoted as 

For a continuous random variaUe, the summation of Eq. (B2) approaches an 
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integration over the whole range c£ X 90 that the expected value of Xi 


Mi »=£tO = 


F I xpxix) 

•'-eo 




(B4) 


where PxM is the probability density function of the continuous random variable X. 
Similarly, the expected value of X^ is given by: 


j '® 

x^. 

-go 


Px(x) dx 


(B5) 


It is often convenient to subtract the first moment Af i — m prior to computation of 
the second moment. This is analogous to moments in mechanics which arc referred to 
the center of gravity rather than the (Mi^n of the coordinate system. Such a moment is 
generally referred to as a central moment. The second central moment represented by 
the symbol is therefore defined as: 


* E((Ar-m)* * J (x- tn)^px(x) dx 


(B6) 


where is called the variance of the random variable X. Moreover the quantity o 
which is known as the standard deviation is the root mean square (rms) value of 
iX- m). 

Expanding the squared term in Eq. (B6) and integrating term by term we find: 

= £|;^r^ -2mX * 

= E{X^) - 2mE(X} + E{m^) 

= E{X^) -2m^ -m^ 

= 

As E(X^) = M 2 and m = M,. the variance may be written as: 

o' = Mi - (M,)' 


(B7) 


C. VARIANCE OF THE SUM OF INDEPENDENT RANDOM 
VARIABLES 


If a random variable IF = giX? T) is a function of two random variables X and y, then 
extending the definition in Eq. (B4) for expected values gives the expected value of ^ 
as: 



g{XyyyfxAxyy)dxdy 


(Cl) 


where (x, y) is the joint probal^^ fiinction. Furthermore the two random variables 
X and Y are statistically independent when: 

Pxr{x, v) = pAx^Ay) <C2) 
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Now let X and Kbe two statistically independent random variables with variances 
0 ^ and Cy respectively. In addition we assume the sum of these random variables to 
be another random variable denoted by Z such that Z = X + Yy where Z has a 
variance If the mean values of X and Y are zero, employing the definition of 
variance given in Eq. (B6) together with the expected value for a function of two 
random variables (Eq, (Cl)) we can write: 



rr 

•'-00 •'“CO 


(x^-yfpxY{x,y)AxAy 


(C3) 


As X and Y are statistically independent we can utilize Eq. (C2) to obtain: 


•'^3 ^ 


£ <*co 

j:^Pi.(x)d)r+ I y;»>-0')dy + 2j xpx(x)Ax \ ypi<y)dx (C4) 

The two factors in the last term of Eq. (C4) are equal to the mean values of the 
random variables (X and Y) and hence are aero. Thus: 

Oz — Cx + Cy 


D, SPEED OF RESPONSE OF A PHOTODIODE 


Three main factors limit the speed of response of a photodiode. These are; 

(a) Drift time of carriers through the depletion region 

The speed of response of a photodiode is fundamentally limited by the time it takes 
photogenerated carriers to drift across the depletion region. When the field in the 
depletion region exceeds a saturation value then the carriers may be assumed to 
travel at a constant (maxiniuni) drift velocity The longest transit lime, is 
for carriers which must traverse the fiill depletion layer width w and is given by 


w 

^dnft ” 


(Dl) 


A field strength above 2 x 10* v cm“^ in silicon gives maximum (saturated) carrier 
velocities of approximately 10*' on s~L Thus the transit time through a depletion 
layer width of 10 pm is around 0.1 ns. 

(b) Diffusion time of carriers generated oulside the depletion region 

Carrier diffusion is a comparatively slow process where the time taken, for 
carriers to diffuse a distance d may be written as 


^diff — 


d^ 


2D. 


(D2) 
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where is the minority carrier diffusion coefTicient. For example, the hole diffu¬ 
sion time through 10 pm of silicon is 40 ns whereas the electron diffusion time over 
a similar distance is around 8 ns. 

(c> Time constant incurred by the capacitance of the photodiode with its load 
A reversed biassed photocfiode exhibits a voltage dependent capacitance caused by 
the variation in the stored charge at the junctiofL The junction capacitance Cj is 
given by 



where is the dielectric constant of the semiconductor material and A is the diode 
junction area. Hence, a small depletion layer width w increases the junction 
capacitance. The capacitance of the photodiode Cj is that of the junction together 
with the capacitance of the leads and packaging. This capacitance must be 
minimized in order to reduce the RC time constant which also linuts the detector 
response time (see Section 9.3.2). 


E. CLOSED LOOP TRANSFER FUNCTION FOR THE 
TRANSIMPEDANCE AMPLIFIER 


The close loop transfer function transimpedance amplifier shown in 

Fig. 9.9 may be derived by summing the currents at the amplifier input, remembering 
that the amplifier input resistance is included in Hence, 

Kf 'K-TL ' 


As =-V^,/G. then 




Therefore, 



_ ^ _ 

1 + (1/G) + (Rf/G«TL) + U^CtR^/G) 


Since, 


+ l/G + R[/GRjt} 

[I +JaCjRf/{l +R(/Rt,. +C)J 


G> 



(E3) 


(E4) 
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then Eq. (E3) becomes, 


Wr.(<0) 


I + OaRfCj/G) 


VA 


F. GAUSSIAN PULSE RESPONSE 

Many optical fibers, and in particular jointed fiber links, exhibit pulse outputs with a 
temporal variation that is closely approximated by a Gaussian distribution. Hence the 
variation in the optical output power with time may be described as: 



where o and are the standard deviation and the variance of the distribution 
respectively. If represents the time at which -l/e (i.e. l/e pulse width), 

then from Eq, (FI) it fdlows that: 

Moreover, if the full width of the pulse at the i/e points is denoted by then: 

* 2 /^ * 2 c \/2 

In the case of the Gaussian response given by Eq. (FI) the standard deviation a is 
equivalent to the rm$ pulse width. 

The Fourier transform of Eq. (FI) is given by: 



The 3 dB optical bandwidth is defined in Section 7.4.3 as the modulation fre¬ 
quency at which the received optical power has fallen to one half of its constant value. 
Thus using Eq. (F2): 

lw(3dBopl)|^ , 

—--- 0 ^= 0.693 

2 


and 

J2 X 0.8326 

«K3 dB opt) =s= 2itB^ =- 

o 


Hence 

x/2x 0.8326 0.530 0.187 

5^=-!—-=-=- Hz 

2jco Xg a 

When employing return to zero pulse where the maximum bit rate B 7 (max)» 
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then; 


57'(max)i^ — bits * 
a 

Alternatively, the 3 dB electrical bandwidth B occurs when the received optical 
power has dropped to \/\/2 of the constant value (see Section 7.4.3) giving: 

0.530 0.375 0.133 

B= ---- Hz 

T, a 
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Absorption, 65-68, 234-238,328-332 
glass, 65—68 

semiconductors, 328-332,336-342 
Absorption losses in fiber, 65-68 
extrinsic, 66-68 
intrinsic, 65-66 
measurement, 190-194 
Acceptance angle, 14-21 
meridional rays, 15-18 
skew rays. 19-21 
solid, le 

Acceptance cone, 15 
Acceptor Impurity, 246-247,252-253 
Acousto-optic devices, 5 J 6,523-524 
Acousio-opLic effect, 5)6,523 
AlCaAs injection laser, 266-267 
single mode, 274-275,277-278 
AlGaAs LED, 306-307,309 
Amplifier noise, 360,362-364 
Amplitude shift Keying, 470-471 
Analog modulation (see ti/so Modulation. 
analoaX 6.320,451-457,46)-470 
injection laser, 389 
LF.D, 297,310-311.389 
pulse, 467-470 

Analog systems also Optical fiber 

systems, analog). 6,449-470,492, 
495-506 

Analog (0 digital (A-D) conversion, 418-423, 
449 

Analog signals. 418-419.451-452,460-468 
A PD (si^e Avalanche photodiode) 
Applications, 486-512 
civil, 497-499 
computer. 506-512 
consumer, 499 
industrial, 500-506 
military, 494-497 
public network, 486-494 
submerged systems. 493--494 
television, 497-499 
Atmospheric transmission, 1-2,471 
Attenuation: 

coaxial cable, 2 
fiber, 2.4, 8.12.62-76 
difTercnlial mode, 89 
joints, 146-156 
microbending, 138 
mode coupling, 138 
Attenuation coefficient (radiation), 74 


Attenuation measurements, 186-189. 
218-224 

absorption loss in fiber, 190-194 
cot back method, 186-190 
optical time domain refcctrometry 
(OTPR). 219-224 
portable test set, 218-219 
scattering loss in fiber, 194—196 
toul fiber, 186-190 

Automatic gain control (AGO of receiver, 
409-412 

Avalanche photodiode (APD) detectors, 6, 
221-224,332. 340-345, 366-372, 
433-438 

asymmetric pulse shape, 341 
carrier multiplication, 341 
drawbacks. 344 

excess noise factor, 366-372,433-435 
germanium (Ge), 343 
impact tonization, 340-341 
microplasmas, 332,341 
multiplicadofi factor, 344-345 
optimum, 367-370 
receiver noise, 366-372,433-438 
reach-through structure (RAPD), 

342-343 

speed of response, 341 

Bandgap: 

direct. 248-252 

energy, 245-253, 260-261, 330-331 
indirect. 250-252 
tailoring, 262, 331-332 
Bandtail states, 255-256, 312 
Band to band recombination, 252-253 
Bandwidth, 2, ?, 50, 76-80, 313-316, 365, 

375,442-443.459,464-467, 546-547 
analog system, 459,464-467 
digital system, 442-443 
electrical, 78,313-316, 547 
fiber types, 127-132 
optical 78-80, 313-316, 546 
receiver* 365,375 

Bandwidth-4ength product, 80, 97,127-132, 
391 

Beam: 

expansion, 172-173 
skitters (integrated optics), 517-518 
Beat length, 101-103 
Bend loss (fiber), 73-76 
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Be«;scl functions, 37—38 
Biarritz project (FraiiceX492 
Biconical connector, 167-168 
BIGFON project (Germany), 492 
Bimoiecular recombi nation (LEDX 316—317 
Birefringence (modal), 100-104,503 
Bistable optical devices (BOD), 526-529 
hybrid, 527-528 
optoelectronic integration, 532 
transfer characteristic, 526-527 
Bit error rate (BF.R), 356,425-426,431—438 
Bit rate, 76-78,442-443,547 
hierarchies, 423 
Black body radiation, 237 
Block codes, 448 
Boltzmann statistics, 236-239 
Bosc-Einstein distribution, for incoherent 
light, 355 

Bragg: 

diffraction, 276,523-525 
regime, 523 

Brillguin scattering, 72-73 
Broadened laser transition, 242,272 
Buried heterosiructurc laser (BHX 273* 
277-279-280* 284 
Bus networks* 494-495, $09-510 
Burrus type LED, 304-306 
Butt jointed connectors* 165-171 


Cables* 133-144 
core, 140 
design, 138-144 
examples. 141-144 
riberbufTenng, 138-139,141-143 
functionof, (33 

sheath and water barrier. I4(^)43 
structural and strength members. 
139-M3 

Cambridge ring, 509-510,512 
Carrier. 246, 329 

diffusion, 248-249,258-260,302,337* 
341,544 

drift. 329, 337-341,544 
injection, 247-249.253,255* 282,302, 
310,316 

minority, 247-248 
multiplication in APD, 341.344-345 
recombination, 249-253,296,302—303 
Carrier to noise ratio (CNR), 450 
Carson's rule, 464, 466 
Caustic surfaces (graded index HberX 50 
Chaticllcd substrate lasers, 274-275 
Channelled substrate planar (CSP) laser, 
274-275 

Characteristic length, for fiber, 90 
Chemical vapor deposition (CVDX 119, 
123-126 

Chopper (optical), 186-187 
Chromatic dispersion {see Intramodel 
dispersion) 

Civil applications, 497-499 
Cladding of fiber, 11,33.47, 116-117,124, 
128-132,212-214 
Cladding mode stripper, 187 
Cleaving of fiber, 157. 166-167 


Close circuit television (CCTV) applications. 
497-498 

Coaxial cable system: 
attenuation. 2 

cost comparison, 486-487.493 
local area networks, 509-510 
signal to noise ratio (SNR), 449-451 
Coding (digital), 77-78.4 i 7,446-448 
coded marie inversion (CMI), 447-448 
Manchester (biphase), 417,447-448 
nonreturn to zero (NRZ), 77-78 
return to zero (RTZ), 78 
Coherence of laser light, 231, 235-236 
Coherence length. 101-102 
Coherence time, 99.101 
Coherent detection, 320,470-473 
Coherent radiation, 235, 354 
Coherent transmission. 470-473 
Common antenna television (CATV) 
applications, 497-498 
Commumcation system: 

coaxial (see Coaxial cable system) 
electrical, 4-5.418^23. 5(59-510 
general. 4-5 

optical fiber {see Optical fiber systems) 
Companding (iHilse code mcNdulatlon), 
419-420 
Computer: 

applications, 507-512 
s^ical. 533 
Connnement: 

of carriers, 258-260, 263, 266-267 
of photons, 258-260,263, 266-267 
Conduction hand, 245-246 
Connectors* 145,164-173 
biconical, 167-168 
butt Jointed. 165-171 
ceramic capillary* 168 
double eccentric, 168-169 
expanded beam* 172-173 
ferrule* 166-167 
muluple. 170-171 
vingicmode. 168-170* 172 
triple ball* 169-170,172-173 
Csmstrictcd ^uble heterojunction (CDH) 
274-275, 277 
Consumer api^icadons, 499 
Coro (fiber)* II, 116-117.124,128-132, 
214-215 

diameter measurement, 214-215 
Coupled mode equations. 519 
Coupler.s. 494-495,510-511 
Coupling coefTicieni (mode). 519 
Coupling length (mode), 519-520 
Crack vclocily (fiber), 13 7 
Critical angle, 13-14, 16* 20 
Cuitoff condiuon (mode); 
graded index fiber, 56-57 
step index fiber, 39-40,45-47 
Cutoff wavelength (photodiode). 335-336 
Crystal momentum, 250 

Dark current: 
noise, 353 

opde^detector. 331, 338-339. 343-344 
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Dark line defects: 

injection laser, 284.287 
LED. 3 IS 

Data channel, of computer, 507 
Decibel (dB). 63-65 
Decision: 

threshold level (regencraiiverepealerX 
424-426, 428-429 
time (regenerative repeater), 424—426 
Degeneracy in atom. 236-239 
Degenerative doping, 254-255 
Degradation: 

injection laser, 287 
LED, 318-320 

Depletion layer (region). 247-248,255, 
328-329,336-342 
Detectors Uee Optical detectors) 
Demodulation, 1,5-6,386-387.460-467. 
471-472 

Dielectric constant for semiconductor, 544 
Dielectric stack (injection laserX 271 
Diffraction (Bragg), 523-525 
Diffusion: 

coefficient (minority carrier), 544 
carrier, 248, 258-260,337,341,544 
Digital modulation,5-6.320,418-423, 
447-448, 470-473 
Digital signals. 77-78,418-419,424. 
446-448 

Digital traiismissiorr (see uho Opiical fiher 
sysitirns, digital) 

bit error rate (BER). 356,425-426. 
431-438 

error probability. 355 
hierarchies, 423 

intersymbol interference. 76-77,425.439 
regenerative repeater. 424-426 
Direct bandgap, 248-252 
Direct detection, 320,360 
Dispersion, 44 *45,49, 76-98 

full svidLh pulse broadening. 4.39-440 
intermodal 44^5.49.85-90.90-93 
iniramodal, 80-84.95-98,391 
measurements, 19^202,21^219 
overall (iber. 93-98 
waveguide, 84, 95-98 
Dispel sion-equalixation penalty, 439-440. 
444-446 

Distributed Bragg renector(DBR) laser, 
525-526 

Distributed feedback (DHB) laser, 276-277, 
525-526 
Dome LED. 304 

Donor impurity, 246-247.252-253 
Donor to acceptor rccombtnatioo, 252—253 
Doping of semiconductor. 246-247 
Doppler broadening in laser, 241 
Double eccentric connector. 168-169 
Double heteroj unci ion (DH): 

injection laser, 259-260.263-268, 
278-279 

LED, 302-305, 308-310 
Drift of carriers, 328, 337, 544 
Dynamic range, 374 
Dynamic range, of receiver, 374,377, 
380-381,406-408.410 


Edge emiuing LED, 308-310 
Effective thickness (asymmetric guide), 
514-515 
Efficiency: 

injection la.ser. 264-265 
LED, 298-30 L 307-308 
Eigenvalue equation: 

graded index fiber. 51—52 
step index fiber, 38-39 
Einstein cocfTicicnis. 236-238 
Electrical bandwidth, 313-316 
Electrical signal to noise ratio, 431-433 
ElecLroiuminescencc. 249-251 
Electromagnetic carrier. 1 
Etectromagnecic mode theory, 22-42 
Elccromagnetic spectrum. 2 
Electromagnetic waves, 1-2. 22-24 
Electro-optic coefficient, 518,521 
Electro optic devices, 516. 518-5 20, 5 27-5 28 
Electro-optic effect. 516. 518-523. 526-528 
EUc rural field trial (Canada). 492 
Emission (see Optical emission) 

Energy hand structure: 

junction. 248. 254-253 
semiconductor. 245-247 
Energy gap {see Bandgap energy) 

Energy level systems (lasers): 
four lev'cl. 240.290 
three level, 239-240 
two level, 239 
Energy states (atom). 234 
Equilibrium mode distribution. 184-185, 188 
Equilibrium mode simulation, 185 
Equilibrium numerical aperture, 184 
Equalizer, 6, 372-373,379-380, 404, 406, 

412-414.424.473 
transversal, 413-414 
a<Uprive,414 

Error detection. 424-425, 448 
Error function. 430-433.474 
Error probability (digital), 429-433 
Errors (regenerative repeater), 426 
Ethernet (LAN), 509-510 
Evanescent field. 32-33.47. 52-54 
bend loss. 73-74 

Excess avalanche noise factor, 366-372. 
433-435 

Expandetl beam connectors, 172-173 
Fj(|>ectcd value, random variable. 541-543 
External photoemission, 327-328 
Extrinsic semiconductor. 246-247 
Eye pattern, 425-426 


Fabry-Perot cavity, 241, 256. 263 
nonlinear action, 528 
resonator, 527 

Far field intensity distribution: 
fiber, 185,205,210-212 
injection laser, 266-267 
Earaday effect (see magneto-optic effect) 
Fault location in fiber link, 222-224 
Fermi-Diracdistribuiion, 246 
Fermi level. 246-248 
quasi. 253-255 
Fernile connector, 166-167 


INDEX 


549 


Feedback conlrol for injeciicw laser, 288. 
4(X)-403 

Fiber drawing, 112, i 15-117 
Fiber waveguide {see Qplies! fiber) 

Fiberncl (optical LAN), 510-511 
Field eiTcct transistor (FF.T) preamplifiers for 
reeelver. 377-381 

Field measurements on fiber. 215—224 

Filters: 

integrated optical, 524-525 
interference, 189 

First generation systems, 328,485 
Flame hydrolysis, 119-123. 126 
Flow sensor. 503-504 
Forward biassed /?-«junction, 248—249 
Free space transmission ($ee Aimosphcric 
transmission) 

Frequency division multiplexing(FDMX 
4r)0-461,417-4l8,472 
Frequency modulation of pulsed subcarrier, 
468-470 

Freiiency modulation of subcarricr, 417, 
463-466 

Frequency shift keying, 470-473 
Fresnel rcflecdon, 145-146,20^208. 

222-223, 257,330 
I'rcsncI relationships, 3i-32 
Fringes (interfereneeX 203 
Full width hair power (FVV HP) points. 311. 
391 

Fusion splices, 136-159 

OaAIAs (see AlGaAs) 

GaAlAs Sb/Ga Sb. 262,332.339 
GaAlSb/CaSb, 262,330.332 
GaAs, 256, 261-262,318,330, .336.516. 
528-529,531-532 
absorption coefftdem, 330 
LED, 303-304 
injection laser. 263 
MF.SFETs, 379-380,400,530 
GaAs/AIGaAs, 261-262,271.287,297. 

530-5 .U 

LED. 302-305. 318-319 
Injection laser. 266.268.273-274, 
276-27? 

Germanium (Ge): 
absorption, 330-331 

photodi.>des, 328,331. 337,339,343,367, 
371 

Glass. 65-68 
Coos- Hacnchen shift. 34 
Graded index fiber, 48-57, 78-79.90-94, 
128-131,232 
causHc surfaces, 50 
intcrmodal dispersion. 49.90-93 
mode cutoff. 53 "5 7 
mode volume, 55-56 
normalized frequency. 55—57 
numerical aperture, 50 
optimum profile, 91-95 
parabolic profile, 48-50.56-57,91-92 
partially graded. 130 
propagation constant, 51-54 
single mode operation. 56—57 


Wcrtzcl, Kramers, Brillouin (WKB) 
approximation, 50-56 

Grifltih equation for fracture stress of a crack. 
135 

GrifTilh theory for surface flaws in glass, ' 
134 135 

Group: 

delay. 81.94-95 
index. 28 

velocity. 27-28,81, 84 
Guard ring structure (APD). 341 
Guassian: 

approximatioti, 427-433 
noise, 428 

probability density function, 428 
pulse response. 546-547 
Guide (six Waveguide) 

Helium-fleon laser, 213, 240. 505 
Hctcfojunctirwts. 258-260.263-264 
aniwtvpc. 258 
dtruble. 259-2(4). 263-267 
isolype, 258 

Heterostructurc (see also fleteroj unci Ions), 
258 

Heterodyne detection, 320,471-473 
Hierareliies (digital), 423 
High density bipolar {HDB3) code. 423 
Hi-OVIS project (Japan), 498 
Homodyne detection. 471 
Hsdes. i46 

Hom»\junction, 258, 261,263, 274 
Hybrid: 

bistable optical devices (BOD), 527-528 

modes (HE, EH), 34-36 

PIN PF.T receiver, 379-381.5.31-532 


Impaci ionization ui APD. 340-342 
Impurity scmicsmductof. 246-247, 232-253 
Index matching: 

fiber joint, 147-151,160. 165, 167-168, 
171 

light omitting diode, 305 
optical detector. 187, 194-195, 207-209 
Indirect handgap, 250-251 
Industrial applications. 500-506 
Information capacity of communication 
svslem, 359. 447 
lnGaAs./GaSb. 262. 330,332 
InOaAsP/lnP, 262, 288, 297. 330, 332. 

339 340, 344, 346-347. 530 
APD,34>-344 
LED. 307-308, 310. .318-319 
MISFBT. 529-530 
photodeteclors, 339-340, 343-344, 

346 347 

p- i-n photodiode, 339-340 
phototraiiai^itor, 346-347 
injection lascr.s. 278-281 
Inaction efficiency, 258 
Injection laser diode (CLD). 233, 262 {see also 
La.scr. semicondiicior) 
lnP.330.516 
InP/lnGaAsP, 262 
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InSb, 528-529 

Inlegrated optics (101 485,506,512-533 
devices, 517-533 

beam splitters, 517-518 
bistable optical dev'ices (BODX 
526-529 

COBRA, 519-520 
filters, 524-525 
length (typical), 517 
modulators, 521-524 
stepped AB revere! coupler, 520 
switches, 518-520 
optoelectronic integration, 530-533 
speed of operation, 533 
strip guide, 516-517 
Intensity modulation: 

analog, 5-6, 320,451-457 
digital, 5-6, 320,417,423 
Intercity trunks, 486-489 
Intcrrerence filters, 189 
Interference fringes, 203 
Interference microscopes, 202-204 
Interferometric sensors, 503-505 
Intermodal dispersion, 44-45.49.85-90, 
90-9,3 

graded index fiber, 49.90-93 
mode coupling, 89-90,439-440 
rms pulse broadening, 87-89,91-94 
step index fibers. 44-45,85-90 
Internal photoemission, 327-329 
[nccrofflce network applications, 489-490 
Intersymbo) interference (ISI), 76-77,425. 
439, 444-446 

Imramoda! dispersion, 80-84.95-98. 391 
material, 81-83. 95-98, 391 
total rms pulse broadenmg.93-94 
waveguide, 83-84. 95-98 
Intrinsic semiconductor. 245-246.253-254 
Ionization coefTicients, ratio of. 342.371 
isoelcctronic impurity, 252-253 


Jitter, 425 
Jointing, 144-173 
Joints: 

angular coupling efTiclency, 152-153 
connectors, 165-173 
lateral coupling efllcicncv. 149-152 
signal distortion, 156 
splices, 157-163 
Joini losses, 145-156 
measurement, 222-223 
multimode fiber, 147-154 
single mode fiber, 154-156 
Junciion capacitance, 347.390,544 
Junction network applications. 489-490 


Lambertian intensity distribution, 298,309 

Laplacian operator. 23 

Large optical cavity (LOC) lasers. 277-278 

Lattice: 

constant (see parameter) 
matching. 260-262, 332,339 
parameter, 260-262, 332 


Laser, 4,6.231-290. 388-391 
broaiJened transition, 242-243 
cavity. 241-243 
gain-curve. 242-243 
hdium-neofi. 213, 240. 505 
injeclion (see semiconductor) 
modes, 242-244 
neodymium. 289-290 
nonseniicoflductor, 239-240, 289-290 
operation of, 233-245 
oscillation, 240-245, 256 
threshold-conditon, 244-245 
threshold g^n, 244-245, 257 
population inversion, 238-240, 244 
253-256 

ruby (crystal). 239-240 - 
.semiconductor, 4. 6, 231-233, 255-258, 
262-289, 388-391,426-427, 
529-530 

analog transmission, 264.369 
broad-area device. 265-266 
carrier confinement. 258-260, 263. 
266-267 

characteristics. 281-288 
coupling (to fiber), 288-289. 389, 
426^27 
coherence. 263 

continuous wave (CW) operation, 264. 
271. 287-288 

current confinement^ 266~266 
dark tine defects, 284, 287 
degradation. 287-288 
drive circuits. 399-403 
dynamic response, 283-284 
efficicnev, 264-265 
dectrictu and optical containment 
(single mode operation), 
272-278 

emission pattern. 266-267,269-270 

external power efficiency, 265 

far fidd intensity distribution. 266-267 

feedback control, 400-403 

injection locked, 472 

kinks, 269-270 

linewidth, 256, 258, 262, 277 

light Output against current 

characteristic. 256, 269, 270, 
279-282,388 

longer wavelength operation, 278-281 
materials, 260-262 
modes, 267-268,270, 272 
modelx^ping. 286-287 
multimode. 267-271 
near field intensity distribution, 
269-270 
noise, 285-286 

nonlincarities, 269-270, 380-389 
operational limitations, 388-391 
output power, 269-270 
output spectrum, 267, 272-273 
packaging, 288-289 
prebiassing, 284, 390-391, 399 
radiation confinement, 258-260.263. 
266-267 

relaxation oscillations (RO), 263-284 
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n«;etlmc, 390 
self pulsations, 284-2S5 
single mode. 232-233,271-281,472, 
525-526 
spot size. 277 

stripe geometry, 265-268,270-271, 
275, 280-281 
switch-on delay, 283-284 
temperature dependence, 281-283 
390 

threshold current, 256-257,260-266, 
270-271,275,279-283 
threshold current density, 257-258, 

263, 281-283 

threshold gain coefTicieni, 257 
threshold temperature coefficient, 
281-283 

thermoelectric cooling, 281,287 
Using, 240, 244-245, 253-258 
from semiconductor, 253-258 
Leaky modes, 39, 53 
LED (see Light emitting diode) 

Light emitting diode, 6. 231-234,296-320, 
388-391,531-332 
activation energy of homogeneous 
degradation, 318-319 
advantages, 296-297 
analog modulation, 297,310-311,389 
characteristics, 310-320 
coupling (to 299-301.304-309 
dark line defects, 318 
drawbacks, 296 
degradation, 318-320 
drive circuits, 391-399 
dome, 304 

double heterojunction (DHX 302-305, 
308-310 

edge emitter, 308-310 
efficiency, 298-30IJ03-304,307-308 
Injected carrier lifetime. 315-316 
Lambertian intensity disiribtiiion, 289,309 
lens coupling to fiber, 306-308,389 
light output against currem characteristic. 
310-311,388 

linearization schemes, 397-399 
linewidth, 296, 311-313 
longer wavelength operation, 307.310, 
317-318 
materials, 297 

modulation bandwidth, 296,310,313—318 
nonlincarities, 310-311, 388-389 
operational limitations, 388-391 
output, 310-313 
planar, 303 

power coupled (into fiber), 304-306, 
426U27 

quantum efficiency (inlemal), 298,303 

radiance, 301-305, 309 

reliability, 318-320 

risetime, 390,443,459 

speed of response, 315-318 

stripe geometry, 309-310 

structures. 303-310 

surface emitter (burrus 304-306 

temperature dependence, ^12—313,390 

transmission factor, 299 


Linear enoxiing. 419 

Linearly polarized (LP) modes, 35-41 

Linear retardation (»ngle mode fiber), 

101-102 

Line coding, 423,446-448 
Linewidth (optical source). 232, 256, 258, 

262.273.296.311-313.391 
Lithium niobate (LiNbO,). 516, 517-5 20, 
523-524.529 

Local and rural network applications. 
491-492 

Local area networks (LANs), 508-512 
Local office. 491 ' 

Logic: 

emitter coupled (ECL), 395,400 
interface (receiver), 393-395.400 
transisiOf-iraiisistor(TTL), 393—394 
opiicaL 526-529 
Losses (see Attenuation) 

Magneto-opcic devices, 516 
hi agncto-optic effect 505 
Manchester (biphase) code, 417.447-448 
Material absorption losses: 
glass. 66-68 
measurement. 190-194 
Material dispersion, 81-84,95-98, 391 
parameter. 82-83,96 
4Cfo point (ZMO), 96-97 
Maxwell s equations, 22 
Mean power feedback control (injection laser) 
401 

Mechanical splices, 156, 159-164 
Meridional rays, 14-19,34,49, 79, 85., 90-91 
MbSFPT(mcul Schottky field effect 
transistor). 379-381, 530 
Microbending loss, 76,138. 503 
Micmhcnding sensor, 502-503 
Microcracks in Ctbet, 134-137 
Microlt^s. 289, 307 
Microplasms in APD, 332, 341 
Mie ottering losses, 71 
Miller capaciunce in FET preamplifier, 
406-40? 

Mean (mean square value) of random 
variable, 87,541 
Miliiai> applications, 494-497 
Minority carrier lifetime 
injected, 315-316 
r^ative, 251-252,258 
MISFET (metal integrated-semiconductor 
field effect transistor), 530 
Modal birefringence (see Birefringence) 
Modal noise, 98-100 
Mode: 

boundary. 54—55 
cou|rfing.4l-42,89-90, 183-184, 
439-440,519-520 
coefTicieat, 519 

in iniermoda) dispersion, 89-90, 
439-440 

cou(riii^ length, 184,519-520 
dispersion (see Intermodal dispersion) 
hopping (injection laser). 286—287 
mixer, 184—185 
patterns, 40-41 

planar guide (concept oO, 24-27 
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scrambler. 184-185 
stripper (cladding^ 1^7 
volume. 44-45, 55-56 
Mode cutofT: 

graded index fiber. 53-57 
step index fiber. 39-40.45-47 
Mode number, 26-27, 34-35.51-55 
Modes r 

(lilTcrential attenuation of. 89 
cleeiric field distributions 25-27.40-41 
equilibrium distribution, 184—185 
exact (step index fiber). 34—36 
guided. 24 .27.37-40.52-55 
h>brid(HE. EH). 34-36 
laser. 242-244, 267-280,270 
leaky. 39, 53-54 
LED, 232 

linenri;/ jwlarized (LP>. 35-41 
radiation. .39.54 

steady-state distribution, 184-185 
transverse ckclric (TE), 27,30-41,540 
transverse magnetic (T^X 27,30-41,540 
Modified chemical vapor deposition (MCVDX 
119, 123-126 
Modulation: 

analog, 5-6.320.417,449-470 
direct intensity (D-IM), 451-457 
pulse, 467 -470 

pulse amplitude (PAM), 4)9-421.468 
pulse freuuency (PFM), 468-470 
pulse posrtkn) (PPMX 468 
pulse width (PWMX 468 
subcarricr double sideband (DSR-IM). 

462- 463 

subcarricr freuuency (KM-I M). 417. 

463- 466 

subcarricr Intensiiy. 46CM62 
subcarrier phase (FM-IM). 466-467 
digital, 5-6, .320,4JS-423,447-448. 

470-473 
index, 452 

Modulation bandwidth: 

Injection laser. 283-284,390 
LLD. 296,310,313-318, 390 
Modulators: 

integrated optical, 521-524 
Mi-iire fringe modulator, 501-503 
Moments of random variable. 87,541-542 
Mom»chromator. 186-187 
Monomode fiber. 4.3 (see also Single mode 
fiber) 

Multilevel ccxJe». 447 
Multimode fibers: 

graded Index, 48-57. 78-79,90-94, 
12H-I3I.232 
nuxle equilibrium, 184 
modes. 34—41 

step index, .14-47.78-79,85-90,93-94. 
127-128,131-132,232 
Multimode laser, 243,267-271 
Multimode propagation effects (fiber), 

183-184 

Multiple connectors, 170-171 
Multiplexing. 3 20, 418-421,472,491-499, 
510.530-531 

frequency division (FDML 418-419, 
460-461,472 


space division (SDM). 41H 
statistical. 5 10 

time division (TDM). 320.4) 7,420-421. 
491 

wavelength division (WDM), 418. 499, 
530-531 

Multiplloation factor In A PD. 344-345, 
367-372, 433-434 
Multistar network. 492-493 

Near field ixitensity distribution. 204-205, 269 

Neodymium lasers, 289-290 

Nctw'orks; 

bus. 494-495. 509-510 
liKal area (LAN). 508-512 
ring. 491. 509-510 
star. 491-49.1, 510-512 
tree. 491 

ww# heterojunction, 258 
Noise: 

dark current. 353 
figure (amplincr), 363 
injection laser, 285-286 
modal. 98-100 
quantiration. 419-420 
quantum: 

analog transmiwion, 357-359. 
449-451 

di|tital signalling, 355-357.436-436 
inicction laser, 265 

receiver, 353 072, 433-438,449-451 
APO. 366-372, 43.3-436 
phouxllixle, 360-364 
p* n photodiode. 360-364 
shot. 353,357. 360-361,436 
.sources in receiver. 360 
thermal. 353.361-362,438.455-456 
Noise equivalent power (NEP), 364 
Nonlinear encoding, 419-420 
Nonlinear optics, 71-73,485 
Nonradiative recombination. 249. 251.260, 
282 

Nonreturn to zero signalling (NRZ), 77-78 
Normalized frequency, 38-40, 44-47, 55-57. 
95-97,514-515 

Normalized propagation constant, 39-41 
rt type semiconductor, 247 
Numerical aperture(NA), 15-18. 2i. 38. 50. 
86. 128-132. 184, 209-212 
definition. 1 7 

equilibrium mode distribution. 184 
graded index libers, 50, 210 
mca.surement of, 209-212 
practical fiber?<. 128-132 
Nyquist rale (sampling). 419 

Optical bimdwidth. 78-80.313-316 
Optical chopper. 186-187 
Optical computer, 533 
Optical detection, 234-235, 328-329 
Optical detectors, 326-347, 530-532 

avalanche photodiode (APD), 6. 221-224, 
332, 340-345, 366-372,433-438 
capacitance, 362, 364-365 
dark current, 331, 338-339» 343-344 
device types. 327-328 
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germanium (Cic), 32S, 331,339 
hctcroj unction. 332,339—340,343—344, 
346-347 

long wavelength, 339-340.343-344, 
346-347 

noUc equivalent power (NEP), 364 
phoioiransistors- 6.345-347 
p-i-n photodiode. 6.33^^340.360-364, 
379-381,531-532 

p-ty photodiode, 6,328-329,336—338, 
360-364 

silicon (Si>. 328, 338-339,341-343,530 
quantum efficiency, 332-335,342-343, 

347 

requirements for fiber communications, 
326-327 

respondvity, 333-335 
sensitivity. 326, 329 
Optical emission: 

semi conductors, 245-262 
spontaneous. 234-238,248-249, 
236-257,296,302-303,390 
stimulated, 234-244,253-258,390 
Optical fiber: 

advantages of, 7-10,484 
angular momentum barrier, 39 
attenuation. 2.4,8,11-12,62-76 
bardwidth-Wngth product, 80,97, 

127- 132. ,391 
bend loss. 73-76 

buffer jacket. 128-132,138-139, 

141-143 

cables, (seea/soCabIcsX 133-144 
characteristics (practical), 126-131 
cladding of, 11,33.47,116-117,124, 

128- 132,212-214 
clearing. 157, 166-167 

coreot; II, 116-117,124,128-132, 
214-215 

crack veli>city. 137 
critical radius ot* curvature, 74-76 
drawbacks. 484-485 
drawing Fiber, drawing) 
end preparation. 157 
far field intensity distribution, 185,205. 
210-212 

fracture stress. 134-137 
Fresnel reflection, 145-153 
graded index (see also Graded index fiberX 
48-57,78-79.90-94.128-131, 
232 

impulse response, 413 

jointing, 144-173 

toini losses {see also Jdnl losses), 

U5-156 

lo!S>es {see also AUcrnalion), 127—132 
measurements. 183-224 
mechanical properties of, 134—137 
microbending, 76,138,503 
multicomponent glass, 114,117-118, 
127-128 

near field intensity distribution. 204-205 
pigtail, 288 
plastic. 132-133 
plastic clad, 131-132 


pulari/ation, 100-11)4,472 
preform. 112. H8-123 
preparation, 112-126 
proof testing. 137 

ray model, 12-22.26,42-44,48-50, 
78-79.85-91 
requirements of. 111 
scattering losses, 68-73 
sensors, 501-506 
signal distortion at joint, 156 
silica rich glass. 118-119, 123-128 
single mode. 40,43-44,44-47, 56-57, 
130-1.31,232.472 
sizes. 127-132 
splices, 145.156-164 
spherical ended. 289. 306-307 
spun, 104 

subility of transmission characteristics, 

138 

step index: 

multimode. 34-4), 78-79.85-90, 

93-94, 127-128.131-132,232 
single mode. 40.43-44,44-47, 
130-131,232.472 
strength and durability, 134-138 
stress corrosion. 136-137 
sifucture. 11-12 

theoretical cohesive strength, 134-135 
transmission characteristics, 62-104 
iransmivsion loss factor (transmissivity), 
69-70 

triangular profile, 48,57 

tvpes currently available. 126-131 

W.47 

Optical fiber syidems, 5-6,386-473,486-512 
analog. 6.449^70.492, 495-506 

block schematic (imensiiy modulation). 
451-452 

direct mtensity modulation (D-IM), 
451-457 

optical posver bugeting. 457-458 
pulse techniques, 467-470 
quantum noise limit, 456 
rise time, bugeiing, 459-460.469 
signal to noi.se ratio. 357-359, 

449^51 

subcarrier double sideband modulation 
(DSM-IMl, 462-463 
subcarricr frequency modulation 
(FM-IMl, 417,463-466 
subcarrier intensity modulation. 
460-462 

subcarrier phase modulation (PM-IM), 
466-467 

system planning, 457-460 
thermal noise limit, 456 
applications. 486-512 
basic system requirements, 416 
coding for digital transmission, 417 
coherent. 470-473 
cost comparison. 486-487 
de»gn considerations. 415-418 
digiUl, 5-6.418-448.486-500, 506-512 
bit error rale (BER), 356,425—426. 
431-438 
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ccKling. 77-78,417,446-448 
di^pcrsion-equilizalion penalty, 
444-446. 448 

error monitoring, 424—426,448 
error probability* 42Si—433 
eye pattern, 425-^26 
information capacity, 447 
iniersymbol interface (ISIX 76-79, 
425-439 

optical power budgets, 487-488,490 
pulse code modulation (PCMX 417, 
418^23 

regenerative repeater, 424-426 
redundancy, 446-448 
safely margin, 444-446 
synchronization, 42 J-422,446 
timing, 421-422,447-448 
digital planning considerations, 423-448 
channel losses, 438-440 
optical power budgeting, 444—446 
receiver, 427-438 
rise time, 441-443 
signal to noise ratio. 431-435 
temporal response, 439-443 
transmitter. 426-427 
fault location, 222-224 
in Europe, 421-423,487-488,490, 
492-495 

gc ncr acio n s of, 485,512-513 
in Japan, 489-490.492-494, 

498-499 

modulation choice. 4)7 
networks, 492-493,510-512 
nonlinear pulse propagation, 485 
in North America, 42*. 489-490.492. 
498-500.508 

principle components. 386-387 
proprietary (UK), 486-487 
repeater, 5,415-416,424-426 
single mode, 444-445.488-489,493, 
505-506.512-513 
video, 453-455.498 
Optical gain (phototransistor). 34? 

Optical fogic, 526-529 
Optical mixer, 472 
Optical power meters, 216-2)7 
Optical signal processing. 6.512-5)3 
Optical signal to ricwse ratio. 431-433 
Optical sources (see also specific typesX 4,6. 
231-320, 388-391 
generations of. 232 
laser, 4,6.231-290.388-391 

non semiconductor, 240.289—290 
semiconductor. 4.6, 231—233, 

255-258,262-289,388-391 
light emitting diode (LEDX 6.231-234, 
260-262, 287-288.296-320, 
388-391 

Optical lime domain rcfkctromctry (OTDRX 
219-224 

Optical transistor (transphasor), 528 
Optimum multiplication ractor(APD), 
367-370 

Optimum profile (graded index fiber), 91—93 
Optoelectronic integration, 530-533 


Outside vapor phase oxidation (OVPO), 
119-121. 126 
Oxide isolaticMi. 266, 268 


Packet; 

daU, 509-510 
wave, 27—28 

Parabolic profile fiber. 48-50, 56-57, 91-92 
Parity checking, 448 

Pealt detection feedback control for A PD, 412 
Permeability, 23 
Permittivity, 23 

Phase shift on re 11 action, 24-25, 29-32, 34 
Phase modulator, 521-522 
I^ase sensitive detection, 187-189, 205 
Phase shift keying, 470-472 
Phase velocity. 27-28 
Phonon. 251.331 
Photocurrcnt.333-335 
Phoiodetecuvs (see Optical detectors and 
Pltocodiodes) 

Photodiodes (see also Optical detectors) 
absorption region. 337-342 
array, 530-531 
avalanclie elation. 340-341 
capacitance, 362. 364-365. 544 
cutoff (long wavelength), 335-336 
dark current, 331, 338-339, 343-344 
depletion layer (region), 328-329, 
337-342 

depletion width, 337, 339 
detection principles, 234-235, 328-329 
diffusion of carriers, 337,341,544 
dilfusion region, 337-342 
drift of carriers, 337, 544 
germanium (Oc), 328, 331. 339 
p-i-» structure. 338-339 
quantum efficiency, 332-335, 342-343 
responsivky. 333-335 
Schottky barrier, 530-531 
sensitivity, 329 

silicon (Si). 328,338-339, 341-343 
speed of response, 329, 339, 341-342, 544 
time constant, 544 
Phoioelasiic effect. 503,523 
Phocoelascic sensor, 502-503 
Photoemission of electrons, 327-328 
Phologeneranon of carrier pair, 329 
Photon. 234 

Pholotransislof, 6. 345-347 
Photomuhiplier tube, 327-328 
p-i-rt photodiode, 6, 338-340.360-364, 
379-381,531-532 
operation of, 338—339 
receiver noise, 360-364 
speed of response, 339, 544 
structures, 339-340 
PlN-FfcT hybrid. 379-381,531-532 
Planar LED. 303 

Planar waveguide, 24-34, 513-517 
integrated optics, 513-517 
slab, 514-515, 517 
strip, 516-517 
Planck’s constant, 234 
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Plano-convex waveguide (PCW) laser, 
274-275, 277 

Plasma-activated chemical vapor deposition 
(PCVD). 119, 125-126 
Plastic-clad fibers, 131-122 
Plastic fibers, 132-133 
p^n helerojunction, 258-259^ 302 
p-n junction, 245—248, 258,268 
p-n photodiode, 6, 328-329,336—338, 
360-364 

operation of, 336-338 
receiver noise, 360-364 
Poibson distribution for coherent light, 354 
Polarization in single mode fiber, 100-104, 
472, 505-506 

Polarization sensor, 505-506 
Population inversion, 238-240,244,253-256 
semiconductors. 253-256 
analog systems, 457-458 
digital systems, 444-446 
Power meters (optical), 216-217 
p-p heterojuncuon, 258-259,302 
Prefortn (fiber), 112, 118-123 
Probability density function (PDF), 428-430 
Profile dispersion, 93, 95-96 
Profile parameter (graded Index RbersX 48 
Proof testing of fiber, 137 
Propagation constant, 26-27,37-40,51-54. 
95 

normalized, 39-41,95 
vacuum, 24 

Propagation vector for wave, 24 
Proton isolation, 266, 268 
p-p- heterojunction, 258-259,302 
p type semiconductor, 247 
Pumic network applications, 486-494 
Pulse amplitude modulation (PAM), 419-421. 
468 

Pulse frequency modulation (PFM), 468-470 
Pulse broadening. 76-98 
rms, 81-83,88-89.91-95 
temporal moments, 87-88 
variance. 87. 83 

Pulse code modulation (PCM), 417,418-433 
30 channel system, 421-423 
Pulse delay from material dispersion, 81-82 
Pulse position modulation (PPMX 468 
Pulse response (Guassian). 546-547 
Pulse width (rms), 76-77 
Pulse width modulation (PWM), 468 
Pumping Oaser), 239-240,290 

Quantization, 419-421 
Quantum efficiency: 

injection laser, 252.258,260,264-265 
LED, 298. 303 

photodiode, 3.32-335.342-343 
photolransistor, 347 
Quantum limit to detection. 356-359, 
436^38,455-456 

Quantum noise, 285,354-359,436-438, 
449 ^ 51 

analog Iransmisskm, 357—359,449-451 
digital signalling. 355-357,436-438 
injection laser, 285 
Quantum theory. 234 


Quaternary semiconductor alloys, 262,332, 
339 

Radiance, 301-305, 309 
Radiative recomlMnation, 249,251—253, 260 
Raised cosine (pdse shape), 372,434-435 
Raman scaltering, 72-73 
Ray model, 12-22, 26,42-44,48-50, 78-79, 
85-91 

Rays: 

meridional, 14-19,42—43,49-50, 79. 
85-88,90-91 

skew, 19-22, 34-35,49-50 
Rayleigh scattering. 69-71,22{>-223 
Reat^ tlirough avalanche photodiode 
(RAPDl 342-343 
Receiver: 

analog. 453-457.461-470 
automatic gain control (AGC), 409-412 
avalanche photodiode (APD), 366-372, 
433-438 

block schematic, 403-404 
block schematic noise sourcei», 360 
capacitance, 364-365 
digiul. 355-357,427-438 
d ynamic range. 3 74.3 77, 380-381, 
406-408,410 

equalization, 372-373,379-380,404, 
406.412-414,424,473 
linear channel. 404 
main amplifier. 404.411-412 
noise (see olso Noise, receiver), 353-372. 
433-438,448-451 

preamplifief circuits, 377-3 81,404-409 
sensitivity, 356-359,444-446 
structures, 372-377 

high impedtmee front end, 373-374, 
379-380,406-407 
low impedance front end, 372-373. 

405 

transfer functions, 374-375, 377, 545 
cransinmcdance front end, 374-377, 
381,407-409 

Recombination (carrier), 251-253 
Redundancy in digiul transmission, 423. 
446-448 

Reflection coefhcieni. 30-32 
Refraction. 13 
Refractive index: 
definirion, 12 
dip. 205-206 

profile, 43.48, 79. 128-132, 202-209 
profile measurement, 202-209 
Regenerative baseband recovery (PFM), 
468-469 

Regenerator circuit, 424 
Relative refractive index difference, 17, 39.46, 
86 

Relialnlity: 

injecficm laser. 287-288 
LED, 318-320 

Repeater. 5,415-416,424-426 
analog, 425 

regenerative <di gi tal>, 424-426 
spacing. 426.438,487-490 
Responsivity (optical detector), 333-335 
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Return to zero (RZ>» signalling, 78 
Reverse leakage current, 1528—329 
Reverse bias, 328—329 
Ring networks, 491,509-510,512 
Rise lime: 

injection laser, 390 
LED, 390,443.459 
APD. 341-342,459 
p-i-n. photodiode, 339,443 
system, 441-443,459-460,469 
rms impulse response: 

step index fiber (multimode), 88—89 
graded index fiber (muftimode), 91—92 
rms pulse broadening: 

intermodal dispersion,87—89,91—94 
intramodal- 93-94 
material dispersion, 81—83 
total, 93-94 

Safety margin: 

analog system, 457--458 
digital system, 444-446 
Sampling (of analog signalX ^19 
Saturation: 

6t\\\ velocity, 341-342,544 
receiver preamplifier, 374 
source drive circuit, 392 
Scattering: 

Bnllouiili 72-73 
linear, 68-71 
measurement, 194-196 
nonlinear, 71-73 
Raman, 72-73 
Rayleigh, 69-71.220-223 
Scrambler (mode). 184-185 
Second generation systems, 328,485 
Semiconductor: 

absorption, 329-332 
absorption coefTecieot, 329-332 
alloys (TII-V), 261-262,328,331-332 
detectors, 339-340,343-344. 

346-347.367.371,530-531 
sources, 226-281,302,305-310, 
529-531 

APD (see also Avalanche pboiodiode). 6, 
221-224, 332.340-345,366-372. 
433^38 

bandgap energies, 330-331 
degenerative dop'f'gt 254-255 
dielectric constant, 544 
injection laser (see also Laser. 

semiconductor), 4.6.231—233, 
255-258, 262-289. 388-391. 
529-530 

LED (see also Light emitting diodeX 6, 
231-234, 296-320.388-391, 
531-532 
n type. 247 

p-i-n photodiode, 6.338-340,360-364. 
379-381,531-532 

p-n photodiode, 6, 328-329,336-338, 
360-364 

phoiotransistor. 6, 345-347 
p type. 247 
Sensiiivicy: 

photodiode, 329 


receiver, 356-359,444-446 
Sensors. 501—506 

Separated multiclad layer (SML) stripe laser. 
280-281 

Shot noise, 353, 357, 360-361,436 
Signals: 

analog, 418-419,451^52,460-468 
digital. 77-78,418-419, 424,446-448 
Signal to noise ratio (SNR) at receiver, 76, 

352,357-358, 363-364, 366-370, 
431-438,453-457,461-467,469-471 
analog system, 357-358.449-451, 
453-457,463-470 
digital system. 355-357, 431-438 
electrical, 431^33 
optical, 431—433 

peak signal power to rms noise power. 
431-438 

peak to peak signal power to rms noise 
power, 469-471 

rms signal power to rms noise power, 
453-457.461-467 
Silicon (Sik 

absorption. 330-331 
detector. 328, 338-339. 341-343, 367, 
371.530 
FFT, 378 

photodiodes. 338-339, 341-342, 367, 371 
Single mode fiber, 40.43-44,44-47, 56-57. 
130-131,232, 472 
connectors. 168-170, 172 
joinilosses. 154-156 
material dispersion parameter, 95 
polarization, 100-104,472, 505-506 
propagation constant, 94 
spot size, 154-155 
Single mode laser: 

oonsemiconductor, 289-290 
semiconductor. 232-233, 271-281, 
289-290.472, 525-526 
coherent system, 472 
mode stabilization, 272-273 
operation of. 272 
structures. 171-281, 525-526 
Single mode systems, 488-489,493, 505-506, 
512-51.3, 521 

Skew rays, 19-22, 34-35,49-50 

Slab guide (integrated optics), 514-515,517 

Snell’s taw, 13 

Spectral width {see Linewidth) 

Spectrum: 

electromagnetic, 2 
cxtrinaic absorption in silica, 67 
injection laser (output), 267-268. 272-273 
Sources (see Optical sources) 

Space division multiplexing (SDM), 418 
Speckle patterns, 98-99 
Spectral density of D-IM signal, 461 
Speed of respiHise: 

injection laser, 283-284, 390-391 
LED, 315-318, 390 
photodiode. 329, 339, 341-342, 544 
Splices, 145, 156-164 
Spontaneous emission. 234-238,248-249, 
256-257, 296, 302-303, 390 
Spontaneous lifetime. 236-237 
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Spun libers, 104 
Star: 

coupler. 4S4-495, 51 0-511 
network, 491-493.509-512 
Statistical multiplexing, 5 10 
Step index fiber: 

mode cutolT, .19-40,45-47 
modes. 34-41 

multimode, 34-47, 7»-?9.85-90,93-94, 
127-128, 131-132,232 
inicrmodal dispersion, 44-45,85-90 
mode volume, 44-45 
rms impulse response, 88-89 
.propagation constant, 37-40 
single mode (see a iso Single mode fiber), 
40,43-44, 44-47, 130-131,232, 
472 

Stimulated emission. 234-244,253—258,390 
Stress corrosion of fiber, 136-137 
Strip guide (Integrated optics), 516-517 
Stripper (cladding modek 187 
Subcarrier: 

double sideband modulation (DSB-IM), 

462- 463 

frequency modulation (FM-IM). 417, 

463- 466 

intensity modulation. 460-462 
phase modulation (PM-IMk 466-467 
Submerged systems. 493-494 
Surface acoustic wave (SAW), 524 
Surface*emitting LED (Suifuslype), 304-306 
Switches (integrated opik), 518-520 
Switch delay feedback controMinjeciion 
laser). 401-402 

Telephone exchange, 489.49 J 

Ternary semiconductor alloys, 261-262,332 

T coupler, 495,510 

Thermal noise. 353. 361-362.438.455-456 
limit. 438.455-456 
Thermal equilibrium, 238,246 
Third generation systems, 485 
Threshold current density (injection laser), 
257-258, 26.1,281-283 
Threshold level (digital signalling), 424-426, 
428 

Time constant (receiver), 365.375,544 
Time division multiplying (TDM), 320,417, 
420-421,491 

l oll network applications, 486-489 
Total internal reflection, 12-14,29-32,34 
critical angle. 13-14,16,20 
Transducers (see Sensors) 

Transfer function. 374,375.377,442,545 
Transimpcdancc amplifier. 374—377.381, 
407-409 

Transit lime cfTccis (photodiodes), 337,341, 
544 

Transmission coefficient (fields). 30-32 
Transmission factor (LED), 299 
Transmissivity (fiberk 69-70 
Transmitter, 388—403, 529-532 
feedback control, 400-403 


injection laser. 399-403, 529-532 
LED. 391-399,531-532 
optoelectronic integration, 529-532 
Transition rates (between atomic energy 
levels), 236-237 

Transverse electric (TB) modes, 27, 30-41, 
540 

Transverse dcctromagnctic (TEM) waves. 27 
Transverse electromagnetic modes (laser). 
242-243 

Transverse junction Mripc(TJS) laser, 274 
Transvtt^e magnetic (TM) modes. 27,30^1, 
504 

Tree network, 491-492 
Triangular profile fiber, 48, 57 
Triple ball connector, 169-170.172-173 
Trunk network applications, 486—489 

Unguided modes. 39.54 
Unguided systems. 2.471 

V groove splices. 161-164 

V number. 39, 514 
Vacuum photodiode. 328 
Valence band, 245-246 

Vapor optical deposition (VAD). 119, 
121-12.3,126 
Vanance: 

pulse broadening. 87 
random variable, 87, 541-542 
.sum of independent random variables, 93. 
543 

Voltage ampuncr, 372-373.405 
Voltage controlled oscillator (VCO). 468 


W fiber- 4? 

Wave: 

propagation vector, 24 
packet. 27-28 

vacuum pn’ipagation constant, 24 
Waves: 

interference, 24-28 
plane. 24-25 
sunding. 25 

transverse electromagnetic (TEM), 2? 
Wave equation, 23-24.29, 36-40 
Wavefront, 27 
Waveguide: 

cylindrical, 34-47,48-57 
planar. 24-34,513-517.539-540 
Waveguide dispersion, 84, 95-98 
parameter, 95-96 

Wavdength division multiplexing (WDM), 
418.499.530-531 

Weakly guiding approxjmaiion, 35-41 
Weakly guiding fiber. 35. 88 
Weibull distribution parameter, 137 
Weibull statistics for failure of fiber under 
stress, 136-137 

Wentzel, Kramers, Brillouin (WKB) 

approximation (graded Index fiber), 
50-56 
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Wideband switch points (WSP), 492-493 
Yjunction. 517-519.522 


Yokosutafidd trial (Japan), 492 
Young 5 modulus for fiber, 134—136 
Yttrium-aluminum garnate (YAG), 289-290 











